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Chapter 1 
General Introduction
Inspired by Nature and driven by the ever reducing size of structural elements in electronic 
devices, the bottom-up design of electronics using supramolecular chemistry has been 
receiving increased attention. Based on this idea, the aim of this thesis is to construct 
surpamolecular command layers, for instance for the alignment of liquid crystals, by the 
controlled self-assembly of chromophore-containing molecules on surfaces. At the end of this
chapter an outline of this thesis will be given.
Chapter 1
1.1 Introduction
Richard Feynman’s 1959 lecture "There is plenty of room at the bottom” paved the way for 
the start of nanotechnology, by predicting techniques that were discovered several decades 
later. Since then technology has taken a big leap towards miniaturizing computers from 
room-filling behemoths to pocket-sized accessories. Top-down silicon technology has 
developed to sizes that are getting close to the scale of single molecules. Computer 
processors are now available using structures with a resolution down to 32 nanometer and 
the first working chip using 22 nanometer technology has been constructed.1 However, exotic 
elements, such as hafnium, and expensive techniques were necessary to achieve these 
remarkable results.
Bottom-up self-assembly of functional molecules into well-defined structures was hailed as a 
solution to the scaling and cost problems involved with the top-down procedures.2, 3 Even 
though larger errors are to be expected with the self-assembly procedures, the lower cost 
and size of molecular devices would allow for redundancy, and several protocols have been 
developed to obtain a fully functional device incorporating a percentage of defects.4 The 
development of new techniques, such as the Scanning Tunneling Microscope (STM)5 and 
Atomic Force Microscope (AFM),6 has made visualization of molecules and their properties 
at the submolecular level possible, which has contributed considerably to the essential 
understanding of the relationship between structure and function at the nanolevel and has 
resulted in new areas of research.
Because it was possible to study the assemblies in greater detail it became possible to 
determine structure-function relationships and this resulted in research for the application of 
self-assembled systems in, for instance, display and sensing technology. In particular the 
ordering of chromophores into well-defined self-assembled arrays has received a lot of 
attention.7-9 The resulting materials can have unique photophysical and (opto)electronic 
properties, which have potential for industrial applications. To ensure a consistent formation 
of the assemblies, control over their arrangement in one, two or three dimensions is 
essential.
1.2 Inspiration from nature
The main inspiration for well-defined self-assembled systems comes from natural examples, 
which have been difficult to artificially rival in the laboratory. The controlled environment of 
the cell is the ultimate example of the power of self-assembly, but such control is at the 
moment still beyond the reach of current technology. However, researchers are catching up 
fast.10
Many of the main building blocks of natural functional self-assemblies are proteins, and the 
study of the assemblies they form, either by themselves or in combination with other 
molecules, such as DNA, RNA or porphyrin derivatives, has shown the versatility of non- 
covalent interactions such as hydrogen bonding, electrostatic interactions and metal-ligand 
conjugation.
For instance, protein assemblies are used to provide structural integrity and protection of the 
genetic material in viruses. In recent years several research groups have developed 
techniques to take advantage of these very well defined protein structures in a variety of 
different ways. In some cases the protein shell of the virus (the capsid) can be isolated from 
the RNA or DNA and reassembled to form particles with very well-defined cavities. These
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cavities can then be used as a mold to form monodisperse particles, or to encapsulate 
enzymes and use them as nanoreactors.11
The cells of organisms are also full with important protein assemblies. For instance, the main 
component for the first step of the transformation of sunlight into chemical energy in 
photosynthesis is performed by a highly defined assembly of proteins and pigments. The 
light-harvesting system Photosystem II (Figure 1), located in the thylakoid membrane of 
green plants12 and cyanobacteria,13 is for example composed of up to 20 protein subunits 
and contains at least 99 cofactors including 35 chlorophyll a pigments. The assembly of all 
these units together is essential for the successful function of the system.14 The properties of 
the pigments are drastically altered by their inclusion in the self-assembled structures, when 
compared to the isolated protein-pigment complexes. In particular the fluorescence quantum 
yield is reduced up to 20-fold in the protein-pigment complexes.15, 16 The whole system allows 
the rapid and efficient17 transfer of energy from the pigment to the reaction center, where the 
energy, in the form of excited electrons, is used to reduce NADP+ to NADPH, or to perform 
cyclic photophosphorylation.
Figure 1. A: View along the membrane plane of the redox-active cofactors and electron transfer chain of photosystem II from 
the cyanobacterium Thermosynechococcus elongatus. B: Schematic representation of the view in A. Selected distances (in 
angstroms) are drawn between cofactor centers (solid lines) and edges of systems (dotted lines). 13
1.3 Aim and outline of this thesis
In order to construct functional molecular assemblies in the laboratory, the control over the 
distance and interactions between the active moieties is highly desirable. Such a control can 
of course be obtained by covalently coupling the functional molecules together. This 
approach has, for instance, been applied in the development of photosynthetic antenna 
mimics where a wide variety of large porphyrin arrays has been synthesized.18-20 However, 
the construction of large and complex systems quickly becomes impractical due to the 
elaborate synthetic procedures.
It is therefore potentially much more interesting to use the same toolkit of non-covalent 
interactions as Nature. By synthesizing small molecules with recognition motives that can 
later self-assemble into complex systems, the amount of synthesis work is significantly 
reduced. In particular the non-covalent organization of chromophores8 and p-conjugated 
systems21 into complex architectures has received a lot of attention, because of the possible 
applications in materials science.
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In many cases the assemblies are deposited on a surface, which serves as a scaffold. Such 
a deposition significantly reduces the dynamics of non-covalent interactions in the system, 
thus allowing a faster formation of stable assemblies. In applications such as light emitting 
diodes (LEDs) and photovoltaic devices, the functional molecules need to be in contact with 
electrodes in order to obtain a working device. In that case, a detailed study of the surface- 
bound assemblies, for example with the help of scanning probe techniques such as AFM and 
STM, can give important information about possible effects or defects in the device 
performance. The surface-bound assemblies can exhibit unique properties, which are not 
always simply an extrapolation of the solution properties conducted to the surface.22 The 
surface can also be used to aid the self-assembly process in order to obtain new structures.
The work described in this thesis involves the synthesis of new chromophore-containing 
molecules and their controlled self-assembly on surfaces, with the aim to construct command 
layers, for instance for the alignment of liquid crystals. The self-assembly of the new 
molecules will be studied both in solution and on surfaces after their deposition.
Chapter 2 gives a literature overview of the advances in porphyrin assemblies on surfaces, 
with a focus on the different techniques and structural properties used to control the 
assembly processes.
Chapter 3 describes the synthesis and self-assembly behavior of newly designed porphyrin 
trimers. Both the self-assembly in solution and at the liquid-solid interface are discussed, with 
an emphasis on the effect of the solvent. In addition, the interactions between the porphyrin 
trimers are studied by chiral amplification studies.
Chapter 4 deals with the synthesis and self-assembly properties of trimeric phthalocyanine 
disks. Phthalocyanines have been the subject of a wide variety of studies towards functional 
materials, because of their wide range of absorption in the visible spectrum and beyond, and 
the wide variety of possible chemical modifications. Their large p-conjugated surface enables 
the formation of well-defined aggregates and the control of this aggregation can lead to very 
interesting self-assembled systems. Several different options to obtain phthalocyanine 
trimers are explored in this chapter.
Instead of using supramolecular interactions, the phthalocyanines can also be ordered by 
attaching them to a rigid, polymeric scaffold. The preparation of polymer-anchored 
phthalocyanines, i.e. of polyisocyanopeptides with phthalocyanine side-chains, and their 
properties are discussed in Chapter 5.
Chapter 6 describes our efforts to modify surfaces by a combination of micro contact printing 
and the molecular self-assembly of the porphyrin trimers described in Chapter 3. By 
combining the two processes we hope to improve the control over the formation of surface 
structures and obtain alignment layers for liquid crystal molecules.
Finally, the last section will reflect on the research described in this thesis and will discuss 
possibilities for future research.
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Chapter 2 
Ordered Surface Structures of Self-Assembled 
Porphyrins
This chapter will give an overview of the research on the formation of aggregates of 
porphyrins on surfaces. In some cases, the inherent structural properties of the porphyrin 
building blocks are already sufficient to obtain well-defined supramolecular architectures. In 
other cases, aggregate formation is controlled by the introduction of functional groups in the 
porphyrins. The final examples describe the use of coadsorbates to control aggregate
formation.
Chapter 2
2.1 Introduction
Metal-porphyrins are natural dyes with a wide variety of functions that are essential to life. In 
the light harvesting systems of most plants, chlorophyll, a magnesium porphyrin, is the green 
pigment which is vital to the photosynthesis process by capturing light for conversion into 
energy. In animals, oxygen transport through the blood is regulated by an iron porphyrin 
better known as heme. Inspired by the efficiency of these functional natural macrocycles, 
chemists have prepared many simplified metal-porphyrin derivatives which have been 
extensively applied as catalysts in organic synthesis.1 In those cases, the porphyrins 
generally operate as monomeric moieties, while for other applications, like molecular 
photonics2-4 and electronics,5 the expression of function generally requires an arrangement of 
the chromophores in larger arrays with a high degree of intermolecular ordering. The design 
of such nanosized architectures has been mainly inspired by the highly defined circular 
assemblies of porphyrins present in the photosynthetic systems in plants and bacteria.6, 7
Although considerable efforts have been undertaken to construct well-defined artificial 
porphyrin arrays by means of multistep colvalent synthesis,8-11 this approach will be too time­
consuming and costly for the efficient development of functional devices on a commercial 
scale. As an alternative, supramolecular chemistry has been used extensively to create 
functional assemblies of porphyrins in solution, but in most cases those dissolved systems 
do not have the right properties for a lot of applications. However, by immobilizing the 
porphyrins on a surface the architectures can be stabilized significantly easier than in 
solution and the assemblies are considerably easier to address and characterize. In recent 
years a great deal of research has been devoted to investigating the formation of highly 
ordered porphyrin arrays on surfaces. Since the development of the Scanning Tunneling 
Microscope (STM)12 and Atomic Force Microscope (AFM)13 it has become possible to 
characterize these surface structures down to the molecular level, which has contributed 
considerably to understanding the relationship between structure and function at the 
nanolevel.
This review will focus on methods to control the arrangement of porphyrins on surfaces, by 
changing the experimental parameters (temperature of the surface, annealing, solvent etc.), 
the surface or the chemical structure of the porphyrin. First surface structures based on non- 
functionalized porphyrins will be discussed. The second section will cover porphyrins with 
functional groups to aid self-assembly and the final section will account the co-adsorption of 
other compounds.
2.2 Non-functionalized Porphyrins
It is possible to use an STM or AFM to position and manipulate molecules on a surface and 
to create a desired architecture.14, 15 Jung et al. were the first to show that this is also 
possible with porphyrins,16 when they created a hexagonal ring by pushing around single 
porphyrins with an STM tip (Figure 1). It is also possible to move more than one molecule at 
a time,17, 18 but the problem with this elaborate approach will always be that every feature has 
to be made with the tip of the microscope, which is inherently a slow process. For this reason 
the approach will never be useful to create a fully modified surface.
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Figure 1. Consecutive series of STM images (26 x 26 nm2) of copper tetra-(3,5-di-fert-butylphenyl)porphyrins on a Cu(100) 
surface while they are repositioned by the STM tip. Adapted from ref. 16 .
It is much more convenient to let the molecules do the work themselves by using the 
approach of self-assembly. While in solution a combination of favourable intermolecular 
interactions is often not strong enough to overcome an unfavourable entropy factor and 
aggregation of molecules is difficult to control, in the solid state several of such weak 
interactions have been clearly observed to control the ordered structure in crystals.19 On 
surfaces, many of the same arguments are also valid20 and already Van der Waals 
interactions can drive the formation of highly organized layers of porphyrins.16
Because of the symmetry of the molecules, tetraphenyl porphyrins (TPPs) and their metal 
complexes tend to form square molecular architectures on a variety of surfaces,21-23 but when 
extra substituents are introduced in the porphyrin, different conformations of the molecules 
might result in different arrangements. This has for instance been observed for tetrakis- 
(meso-3,5-di-terf-butylphenyl)porphyrin (TBPP), which can form square arrangements,24, 25 a 
close packed hexagonal phase,26, 27 or a herringbone structure,28 or have no order at all,29 
depending on the surface or the central metal. Buchner et al. have observed four different 
molecular arrangements of CoTBPP on a Ag(111) surface, and have shown that the method 
of deposition can be used to control the formed surface structures of this porphyrin to a 
certain extent.30 By depositing a submonolayer coverage of CoTBPP onto the surface, three 
different phases (‘square’, ‘hex A’ and ‘hex B’, Figure 2A-C) were observed, but when a 
multilayer was adsorbed first and the excess porphyrins was sublimed off, only a herringbone 
structure was formed (Figure 2D).
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Figure 2. STM images (10 * 10 nm2) of CoTBPP on Ag(111) showing the ‘square’ phase (A), ‘hex’ A phase (B), ‘hex’ B phase 
(C) and herringbone phase (D); the molecular models are drawn on top. Adapted from ref. 30.
Depending on the deposition temperature, Yokoyama and Tomita also obtained different 
surface structures of PtTBPP on a Ag(110) surface.26 At room temperature they observed a 
stable two-dimensional arrangement, but when the deposition temperature was decreased to 
150 K molecular wires were found along the <110> direction of the Ag surface. Annealing the 
surface at 310 K resulted in the transition from the line structures to the two-dimensional 
arrangement.
The previous examples dealt with rather robust porphyrins that had been deposited in ultra 
high vacuum at elevated temperatures, but this method does not allow the deposition and 
imaging of less stable molecules. It has been shown that it is also possible to perform STM 
measurements at a solid-liquid interface, but the affinity of the molecules with the surface has 
to be rather high in order to immobilize them. During early studies of ordered molecular 
structures with STM it became quickly apparent that hydrocarbon tails have a strong 
interaction with a highly ordered pyrolytic graphite (HOPG) surface.31 In order to prevent their 
diffusion over the surface, Qui et al. have attached long alkyl tails to porphyrins to reduce 
mobility by increasing the interaction with the surface.32 By changing the lengths of the alkyl 
tails it also becomes possible to modify the self-assembled architecture on the surface. 
Otsuki and coworkers have recently shown that porphyrins with long alkyl chains arrange 
themselves in a ‘face-on’ geometry on HOPG, while with shorter tails ‘edge-on’oriented 
structures were observed.33
In order to form specific two-dimensional patterns it is possible to selectively modify a surface 
to prevent or induce adsorption of porphyrins on predefined spots. Ecija et al. used this 
approach to form nanoporous two-dimensional arrays of porphyrins.34 On an untreated 
Cu(100) surface tetrakis(meso-2,4,6-trimethyl)phenyl porphyrin (TMP) assembles in a 
regular square pattern covering the entire surface (Figure 3A). By selectively nitrating the 
Cu(100) surface they were able to create a nanopattern with square nitrogen islands 
separated by clean copper lines (Figure 3B). Subsequently, TMP molecules selectively 
adsorbed at these copper lines, creating a nanoporous porphyrin surface (Figure 3C). This
10
Ordered Surface Structures of Self-Assembled Porphyrins
preference for copper over copper nitride adsorption spots was attributed to stronger Van der 
Waals interactions between the porphyrins and a copper surface.
Figure 3. STM images of A: TMP on Cu(001) (20 *  20 nm2), B: a Cu(001) surface after the evaporation of atomic nitrogen and 
subsequent annealing at 600 K for 10 min (53 *  34 nm2) and C: the modified surface after evaporation of TMP (128 * 75 nm2).
Adapted from ref. 30.
In the previous examples a variety of different central porphyrin metals have been used. With 
STM it is possible to discriminate between different metallo-porphyrins, because their 
difference in energy levels leads to a difference in tunneling resistance.35-37 Some metals can 
also be used to connect the porphyrins to the surface via metal-ligand coordination. Li and 
coworkers modified quartz and Si(100) surfaces with (3-cyanopropyl)trichlorosilane and 
subsequently added RuTPP with the cyano groups, resulting in the formation of porphyrin- 
functionalized surface38. Using polarized variable angle internal attenuated total reflection 
infrared spectroscopy (PVAI-ATR-IR) they were able to determine that the porphyrin plane 
was parallel to the surface.
Similarly, Offord et al. used functionalized thiols to bind metalloporphyrins.39 They first 
constructed a mixed monolayer of alkyl thiols and imidazole-terminated alkylthiols on a 
Au(111) surface, which was subsequently immersed in a solution of bis-acetonitrile 
ruthenium(II)octaethylporphyrin (RuOEP(MeCN)2), carbonyl octaethylporphyrinatoosmium(II) 
(OsOEP(CO)), carbonyl meso-tetramesitylporphyrinatoruthenium(II)(RuTMP(CO)) or bis­
acetonitrile octaethyltetraazaporphyrinatoruthenium(II) (RuOETAP(CH3CN)2). X-ray 
photoelectron spectroscopy (XPS) clearly showed the presence of porphyrins on the surface, 
and they could also be visualized with STM. Both techniques indicated that there was no 
phase separation between the two different thiols in the monolayer, and the porphyrins 
appeared to be randomly distributed over the surface. Starting from bis-dinitrogen meso- 
tetramesitylporphyrinatoruthenium(II) (RuTMP(N2)2) it was also possible to grow multiple 
layers in a stepwise fashion, by applying bidentate ligands to couple several ruthenium 
porphyrins together (Figure 4). Several different porphyrins (such as RuOEP and OsOEP) 
were used in addition to RuTMP(N2)2 to create mixed layers. Because of the general nature 
of this method it could be used for the preparation of new metallo-porphyrin based materials.
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Figure 4. Schematic representation of the formation of multiple layers of RuTMP(N2)2 on an imidazole-modified self-assembled
mixed monolayer of thiols.
A drawback of the system was that it needed an inert atmosphere in order to ensure stability 
during electrochemical measurements. Eberspacher et al. improved the stability of the 
system by using pyridine-functionalized thiols instead of imidazole-functionalized ones.40 
After the addition of bidentate ligands and metalloporphyrins, surface-confined oligomers 
were obtained, which exhibited electronic communication along their backbone.41 Also the 
kinetics of the chemisorption processes was studied and it was shown that these were fast, 
but not diffusion limited.42
Several other groups have used the same concept. Anson and coworkers used the 
imidazole-terminated thiols to bind cobalt porphyrins,43 whereas Shanzer and coworkers 
described bisimidazole disulfides that could bind to both faces of iron(III) porphyrins.44-48 
Nomoto et al. reported a thiol- and imidazole-functionalized porphyrin which could bind 
additional imidazole-functionalized porphyrins. 49, 50 Sarno et al. bound porphyrin polymers to 
pyridine-functionalized glass surfaces,51 while pyridine-functionalized thiols have been used 
to immobilize metallo-porphyrins to gold and silver surfaces.52-57 Finally, also amino- 
terminated glass and quartz have been shown to bind metallo-porphyrins.58, 59
2.3 Functionalized Porphyrins
In order to create devices which exhibit new and advanced functionality by self-assembly on 
a surface it is necessary to control the formation of structures in a well-defined geometry and 
stoichiometry. When non-functionalized porphyrins are used, there is only limited control 
since in general no directionality can be imposed during the self-assembly process. 
However, the relatively straightforward synthesis of porphyrins makes it possible to introduce 
a wide variety of functional groups which can direct the self-assembly via non-covalent 
interactions. This approach has been used extensively to obtain highly defined self­
assembled systems in solution or in the solid state,60 but supramolecular interactions are of 
course also useful in creating 2D architectures on a surface.
12
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2.3.1 Cyanophenyl-substituted porphyrins
A first example of controlled 2D self-assembly of porphyrins on a surface directed by 
substituent-mediated non-covalent interactions was reported by Yokoyama et al.61 
Supramolecular architectures were constructed based on four different cyano-functionalized 
porphyrins, TBPP, CTBPP, c/s-B4CTBPP and trans-B4CTBPP, containing zero, one, two 
and two cyanophenyl groups, respectively (Figure 5A). It was expected that dipole-dipole 
interactions between the cyano groups would result in the formation of either well-defined 
dimers or trimers (Figure 5B). A submonolayer amount of the porphyrins was sublimed on a 
Au(111) surface and studied in a low-temperature STM. As expected, TBPP adsorbed as 
isolated single molecules. The porphyrin with one cyano group, CTBPP, exclusively 
assembled in triangular structures (Figure 5C), which were based on the predicted trimeric 
structure shown in Figure 5B.
Cis-B4CTBPP formed square macrocycles consisting of four individual porphyrins, with each 
of the cyano groups interaction according to the dimeric structure shown in Figure 5B (Figure 
5D). By moving the cyano groups to trans positions in the porphyrin (trans-B4CTBPP), linear 
arrangements were observed in which the porphyrin molecules self-assembled into long 
molecular wires (Figure 5E). Careful analysis of the structures by STM revealed that the 
CHNC  contacts in the dimers and trimers were consistent with the formation of hydrogen 
bonds. Such interactions might allow electron or energy transfer,62 which would provide such 
systems with interesting electronic or optoelectronic functions.
Figure 5. A: Structural formulae of TBPP, CTBPP, c/s-B4CTBPP and trans-B4CTBPP; B: Two different binding modes of the 
cyanophenyl groups; C-E: From left to r/ght: STM images of the formed supramolecular structures at 63 K (20 x 20 nm2), high 
resolution STM images (5.3 x 5.3 nm2) and the corresponding molecular models of (C) CTBPP, (D) c/s-B4CTBPP and (E) trans-
B4CTBPP respectively. Adapted from ref. 61.
Wintjes et al. continued the study of trans-B4CTBPP by metallating the porphyrin with zinc 
and vapor-depositing the molecules under ultrahigh vacuum (UHV) on a Cu(111) surface.63 
In contrast with the above mentioned molecular wires, now a large hexagonal porous 
network was observed. Around each of the pores six porphyrins formed a ring with a 
diameter of 1.8 nm, with each porphyrin being an edge of two adjacent pores (Figure 6A and 
B). The formation of the network appeared to be driven by hydrogen bonds between the 
cyano groups and the phenyl rings, while the Cu(111) surface directs the structures into a 
hexagonal pattern instead of a linear molecular wire.
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Figure 6. A: STM image of ZnB4CTBPP (12.5 x 12.5 nm2); B: Proposed model of the porous network. Adapted from ref. 63.
Another example which highlights the influence of the surface on the outcome of a self­
assembled porphyrin architecture concerns the monolayer formation of ZnB3CTBPP and its 
fused dimer ZnbisB3CTBPP (Figure 7A) on silver surfaces.64 When these molecules were 
deposited on a Ag(100) surface they both arranged themselves in arrays along the <110> 
direction of the substrate (Figure 7B and C). Analysis of the monolayers suggested that in 
both cases there is no strong interaction between cyano groups and the packing seemed to 
be determined by van der Waals interactions between the bulky 3,5-di(tert-butyl) groups.
On a Ag(111) suface, on the other hand, ZnbisB3CTBPP showed the formation of dimers 
between the cyanogroups, self-organizing in close-packed regular molecular rows.65 A 
completely different monolayer structure was observed for ZnB3CTBPP, i.e. a porous 
network.66 As a result of dipole-dipole interactions the cyano groups directed the self­
assembly of the porphyrins into trimeric structures. The sixfold symmetry of the underlying 
Ag(111) surface leads to an hexagonal pattern (Figure 7D and E), while on a Ag(100) 
surface a nearly rectangular unit cell is observed which is related to the square symmetry of 
that surface (Figure 7B).64
Figure 7. A: Chemical structures of ZnB3CTBPP and ZnbisB3CTBPP; B: STM image of ZnB3CTBPP on Ag(100) (12.2 x 9.1 
nm ) and the proposed model of the monolayer structure; C: STM image of ZnbisB3CTBPP on Ag(100) (15.8 x 10.9 nm2) and 
the proposed model of the monolayer structure; D: STM image of ZnB3CTBPP on Ag(111) (9.1 x 8.0 nm2); E: Proposed model
of the monolayer structure in D. Adapted from refs. 64 and 66.
Extra non-covalent interactions, which can lead to further control over the 2D porphyrin 
architectures, were introduced by changing the 3,5-di(tert-butyl)phenyl groups to 
alkoxyphenyl groups.67 The electron withdrawing properties of the alkoxy groups increases 
the strength of the hydrogen bond between a cyano group and the proton between the
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alkoxygroups (Figure 8A). Three different porphyrins (ZnBCPPI, ZnBCPP2 and ZnBCPP3, 
Figure 8B) were synthesized and deposited on a Cu(111) surface. Even at low surface 
coverage, ZnBCPPI self-assembled into hexagonal nanoporous networks, while ZnBCPP2 
and ZnBCPP3 formed 1D wire structures. The extra steric bulk of the latter two compounds 
probably prevents the formation of 2D networks at low surface coverage. Two distinct 
connections could be observed in the wires, an anti-parallel dipole-dipole interaction (Figure 
5B) resulting in a straight connection and a less well-defined interaction resulting in a kink in 
the chain (Figure 8C). The driving force for the kink is probably the increased Van der Waals 
interactions between the alkoxy chains. Also branching points were observed, some of which 
were caused by CN'HC hydrogen bonds (Figure 8D).
At higher surface coverage all three porphyrins formed porous networks, but the difference in 
steric bulk of the molecules caused the networks to be remarkably different from each other 
(Figure 8E). In the networks of ZnBCPP1 the main intermolecular interaction is a hydrogen 
bond between a cyano group and a b-pyrrole proton. The limited bulkiness of ZnBCPP1 
makes this interaction possible. ZnBCPP2 forms roughly similar networks, however, no 
hydrogen bonds are formed between the cyano groups and the b-pyrrole protons, but 
between these groups and protons of the phenyl groups. The network formed by ZnBCPP3 
is completely different from the first two. The main supramolecular motif is the asymmetric 
trimeric structure depicted in Figure 8A. It is sterically unfavorable to form the same trimeric 
structures that were observed in the other two networks. These observations clearly show 
that the addition of the alkoxy chains enables the formation of new self-assembling motifs.
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Figure 8. A: Two examples of hydrogen bonds between a cyanophenyl group and a 3,5-dialkoxyphenyl group; B: Chemical 
structures of ZnBCPP1, ZnBCPP2 and ZnBCPP3; C: STM image of molecular wires of ZnBCPP2 on a Cu(111) surface (12.5 x 
25 nm2); D: STM image of a branched structure of ZnBCPP2 on a Cu(111) surface (6.4 x 6.4 nm2); E: STM images (15 x 15 
nm2) and the models of these networks of ZnBCPP1 (left), ZnBCPP2 (middle) and ZnBCPP3 (right). Adapted from ref. 67.
Recently, Fendt et al. added an extra phenyl group between the porphyrin and the cyano 
group.68 Both cis- and trans-extended biscyano bis(3,5-ditert-butylphenyl) porphyrins (cis- 
BECTBPP and trans-BECTBPP) were synthesized and their self-assembly behavior on a 
Cu(111) surface was studied. C/s-BECTBPP was shown to form macrocyclic oligomers 
ranging from dimers to hexamers (Figure 9A). The two most frequently observed structures 
were trimers and tetramers. The preference for the tetramers stems from an optimal 
interaction between the cyano groups, while the trimers can align with the three principal 
crystallographic directions of the Cu(111) substrate. The influence of the strong interactions 
between the adsorbates and the substrate can also be observed in the distortion of some of 
the tetramers, where the CN-CN interaction is reduced in favor of the alignment of the 
porphyrin with the directions of the surface. The ratio between the different structures 
appeared to be dependent on the surface coverage: upon increasing coverage, dimers 
became more and more prevalent and also trimers became more favored with respect to the 
tetramers. No network formation was observed. The presence of an extra phenyl group 
clearly allows the porphyrins more conformational freedom and, therefore, a bigger variety of 
macrocycles is observed when compared to the case of c/s-B4CTBPP.
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The influence of the strong interaction between the porphyrins and the Cu(111) surface could 
also be observed in the self-assembly behavior of trans-BECTBPP. In addition to the 
formation of straight linear chains, which were also observed with the related porphyrin trans- 
B4CTBPP,61 also kinks and trimeric branches were present (Figure 9B). These structures are 
stabilized by the interaction of the porphyrin with the surface. Instead of the porous networks 
described above for ZnB4CTBPP, at higher surface coverage adlayers consisting of 
interlocked linear chains of trans-BECTBPP were formed. This difference in self-assembly 
behavior is probably caused by the larger distance between the cyano group and the 
porphyrin core, which would make the pores larger and apparently that is unfavorable. On 
the other hand, the larger distance allows increased Van der Waals interactions between the 
3,5-di(terf-butyl)phenyl groups by interlocking the chains, which was not possible in the 
cases of trans-B4CTBPP and ZnB4CTBPP.
The influence of the Cu(111) surface of the self-assembly behavior appeared to be much 
stronger than that of the previously studied Ag(111) and Au(111) surfaces, a trend which had 
already been observed for other large aromatic molecules for which the interaction strength 
decreases in the order of Cu(111) > Ag(111) > Au (111).69
Figure 9. A: Chemical structures of c/s-BECTBPP and trans-B4CTBPP; B: STM images of c/s-BECTBPP on Cu(111) showing 
an overview (top left, 18 x 18 nm2), a trimer (top right, 6.3 x 6.3 nm2) and its model, a tetramer with optimal CN interactions 
(right middle, 6.4 x 6.4 nm2) and its model, a tetramer influenced by the surface (bottom left, 6.2 x 6.2 nm2) and its model and a 
hexamer (bottom right, 8.2 x 8.2 nm2) and its model; C: STM images of trans-B4CTBPP on Cu(111) at low (left, 50 x 50 nm2) 
and at high monolayer coverage (right, 15 x 15 nm2). Adapted from ref. 68.
Cyano groups can also interact strongly with certain surfaces, as was shown by Maier et al., 
who studied the directional growth of CTBPP on KBr(001).70 They observed the formation of 
wires of more than 250 nm long on step edges in the <100> direction, while on terraces 
multiwires were formed in the <110> direction. High resolution non-contact AFM indicates 
that the driving force for these self-assembly motifs is the interaction of the partially negative 
nitrogen atoms of the cyano groups with the positively charged potassium ions. The dipole-
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ion interaction prevents diffusion of the porphyrins over the surface and aligns them into 
wires.
2.3.2 Carboxyphenyl-substituted porphyrins
The results in the previous section show that cyano substituents can be very versatile groups 
to induce the formation of well-defined supramolecular architectures on a surface. However, 
because of their relatively small dipole-dipole interaction energy, several other interactions 
can also play a determining role in the assemblies. For this reason Yokoyama and coworkers 
decided to investigate benzoic acid-modified porphyrins.71 The double hydrogen bond 
between two carboxylic acid groups is stabilized by the n-conjugation of the phenyl groups 
and therefore significantly stronger than the dipole-dipole interaction between the cyano 
groups (-19.4 vs. -7.1 kcal/mol). Because of the stronger and highly directional nature of 
these hydrogen bonds the formed structures were expected to show less variable 
interactions than observed in the case of the cyanophenyl-functionalized porphyrins. One 
mono- (CaTBPP) and two bis-carboxylic acid-functionalized porphyrins (cis-BCaTBPP and 
trans-BCaTBPP, Figure 10A) were synthesized and deposited on a Au(111) surface under 
UHV conditions.
CaTBPP formed dimeric structures, which are stabilized by an optimal hydrogen bonding 
geometry between the carboxylic acid groups (Figure 10B). When the surface coverage was 
increased the dimers remained behaving themselves as single entities. At low surface 
coverage, cis-BCaTBPP formed tetrameric structures. When more porphyrins were added, 
the tetramers gradually transformed into zigzag-shaped architectures, which eventually 
covered the whole surface (Figure 10C). The hydrogen bonding motif in the zigzag structures 
is virtually the same, but the assembly is much more condensed than the tetrameric 
structures. At low coverage these zigzag patterns are less stable because unsaturated bonds 
exist at the termini of the wires, so the formation of tetramers is more favorable.
As expected, trans-BCaTBPP formed molecular wires with the same hydrogen bonding 
motif, but, in contrast to trans-B4CTBPP and trans-BECTBPP, no isolated wires were 
observed. Instead, even at low surface coverage, bundles of the wires were formed (Figure 
10D). It appears that the spacing between the porphyrins is optimal for favorable Van der 
Waals interactions between the terf-butyl groups. Because of the potentially interesting 
properties of molecular wires, the assemblies of trans-BCaTBPP were studied in more 
detail.72 Initially, it was not possible to obtain large single domain areas of wires, because the 
Au(111) surface provides six equivalent growth directions. Thermal annealing of the sample 
after deposition of the molecules was not successful in yielding larger domains, but by 
optimizing the substrate temperature during deposition it was finally possible to obtain a well- 
ordered monolayer. Upon the addition of more porphyrins, isolated wires were observed on 
top of the first layer, which expanded to whole islands. The supramolecular arrangement of 
the second layer was highly similar to the first layer, which indicates that it could be possible 
to grow multiple layers of porphyrins with the same alignment.
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Figure 10. A: Chemical structures of CaTBPP, c/s-BCaTBPP and trans-BCaTBPP; B: STM image of CaTBPP on a Au(111) 
surface (40 x 60 nm2) and an enlarged STM image of a CaTBPP dimer and its model; C: STM images of c/s-BCaTBPP at low 
(left, 25 x 40 nm2) and high surface coverage (right, 40 x 60 nm2) on Au(111); D: STM image of trans-BCaTBPP on a Au(111) 
surface (60 x 60 nm2) and an enlarged STM image of the trans-BCaTBPP wires and its model. Adapted from ref. 71.
Already a few years earlier, Wang, Bai and coworkers were inspired by crystallographic 
research73 and used carboxylic acid functionalities to create two-dimensional networks with
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (TCPP) on HOPG.74 Initially, it was observed 
that TCPP was too mobile to be visualized under ambient conditions. This problem was 
overcome by the addition of stearic acid. In that case, islands of TCPP molecules were 
surrounded by self-assembled lamellae of stearic acid molecules. In contrast to data from
three dimensional structures73 and the results of Yokoyama et al., the carboxylic acid 
groups of the porphyrins appeared to be organized in tetramers instead of dimers (Figure 
11). Probably, this cyclic arrangement minimizes the surface free energy while still retaining 
a considerable number of hydrogen bonding interactions.
Figure 11. STM image of the TCPP hydrogen-bonded network on HOPG (A) and a schematic representation of that network
(B). Adapted from ref. 74.
Yoshimoto et al. studied the monolayer formation of 5-(4-carboxyphenyl)-10,15,20- 
tri(phenyl)porphyrin cobalt(II) (CoCTPP) and tetrakis(4-carboxyphenyl)-porphyrin cobalt(II) 
(CoTCPP) on Au(111) in acidic solutions with an electrochemical STM (EC-STM).75 In both 
cases hydrogen bonding played an important role in the formation of the adlayers. STM 
images of CoCTPP clearly showed ordered layers of dimers, while CoTCPP formed 
networks where each carboxylic acid formed hydrogen bonds with a neighboring group. 
When the potential of the Au electrode was more positive than 0.5 V, no ordering could be 
observed anymore, which was attributed to deprotonation of the carboxylic acids.
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In related work, cis- and frans-substituted diacid porphyrins (c/s-DCPP and frans-DCPP) 
were studied with EC-STM in acidic solutions on a sulfate/bisulfate adlayer formed on 
Au(111).76 The results of this study show that there are differences between the self­
assembled architectures formed under UHV conditions (Figure 10) and those formed in 
acidic solutions. In addition to the tetramers observed in UHV, the solution-prepared 
monolayers of c/s-DCPP also showed dimers and trimers, but no zigzag patterns (Figure 12). 
Trans-DCPP was so poorly soluble that it was difficult to create a large surface coverage. 
Even at the highest surface coverages no intermolecular interactions were observed. 
Obviously, in acidic solutions the porphyrins are protonated c/s-DCPP lacks the terf-butyl 
substituents, which can explain the observed differences. These results show that the 
porphyrin surface structures can be tuned by changing the environment to give extra control 
over the assembly behavior.
Figure 12. STM images of monolayers of CoCTPP (A), CoTCPP (B) and c/s-DCPP (C) and their respective models. Adapted
from refs. 75 and 76.
Otsuki and coworkers synthesized a complete library of porphyrins with as meso-substituents 
all combinations of 4-carboxyphenyl and 4-dodecyloxyphenyl groups, and studied their 
assemblies on HOPG at the liquid-solid interface.77 The design of the molecules allows two 
different interactions: Van der Waals interactions of the alkyl tails with the HOPG surface and 
hydrogen bonding interactions between the carboxylic acids. Only in the case of the 
monocarboxylic acid ( C ^ )  and the c/s-diacid (C2R2) derivatives, stable monolayer structures 
were observed. The monolayers observed for C ^  showed two distinct patterns. In some 
places kinks, which repeated after every two molecules, were observed and these appeared 
to be caused by the formation of hydrogen bonds. At other locations on the surface the 
packing forces of the alkyl tails dominated the self-assembly, resulting in a linear alignment 
of the molecules, in which case the carboxyl groups did not participate in optimal hydrogen 
bonds. In the case of C2R2 there appeared to be no competition between the two 
interactions, because self-assembled structures were formed where both the hydrogen 
bonding and the alkyl chain packing were cooperating (Figure 13).
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Figure 13. A: STM image of a monolayer of C1R3 on HOPG (50 x 50 nm2); B: STM image of a monolayer of C2R2 on HOPG (10 
x 10 nm2), the yellow dots indicate the carboxylic acid groups. Adapted from ref. 77.
Phenoxy-substituted porphyrins
Hydroxyl groups can be used as well to direct 2D surface assemblies. Hill et al. have studied 
the self-assembly behavior of 5,10,15,20-tetrak/s(3,5-di-t-butyl-4-hydroxyphenyl) porphyrins 
(TDtBHPP) on a Cu(111) surface in UHV at room temperature.78, 79 Already from crystal 
structures it was clear that the hydroxyl groups are shielded from participating in a hydrogen 
bond by the bulky tert-butyl groups. When TDtBHPP was deposited on the surface, two 
different domains of self-assembled molecules were observed: one containing hexagonal 
structures and one with a square packed grid motif. At lower temperatures only the 
hexagonal structures remained stable (Figure 14A). The square packed grid is apparently 
generated by a metastable configuration of the molecules. This theory was confirmed by 
studying the oxidized form of the molecule, in which the hydroxyl groups were turned into 
ketones and the phenyl rings became locked in an almost planar configuration with respect 
to the porphyrin macrocyclic ring (Figure 14B). This oxidized form of the porphyrin only self­
assembled into a hexagonal supramolecular structure and no transition to a square phase 
was observed (Figure 14C). The induced coplanarity of the oxidized porphyrin enables a 
doubling of the number of contacts between the tert-butyl groups and the surface, allowing 
the formation of stable structural domains even at room temperature.
Figure 14. A: STM image of the self-assembled monolayer of TDtBHPP (35 x 35 nm2) and its schematic model; B: Side view of 
the molecular model of TDtBHPP (top) and its oxidized derivative (bottom); C: STM image of the monolayer of the oxidized 
derivative of TDtBHPP (24 x 24 nm2) with the inset showing its schematic model. Adapted from ref. 78.
To investigate the influence of hydrogen bonding on the self-assembly of phenoxy- 
functionalized porphyrins, Hill et al. also synthesized 5,10,15,20-tetrak/s(3,5-dimethyl-4- 
hydroxyphenyl)porphyrin (TDMHPP), in which the tert-butyl groups were substituted by 
methyl groups.80 At the Cu(111) surface the conformation of the molecule is rectangular in 
shape, which is dictated by interactions of the methyl groups with the substrate. At 
submonolayer surface coverage the molecules interacts via hydrogen bonds with their
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neighbors, resulting in the formation of mainly trimeric structures (Figure 15A). The 
rectangular conformation of the molecule creates an asymmetry which causes the formation 
of both cyclic and non-cyclic trimers (Figure 15B). The non-cyclic trimers appear to be 
formed because the initial conformation of the porphyrins is incorrect and they interrupt the 
self-assembly of this porphyrin into extended structures. At higher surface coverage a 
densely packed layer consisting of linear arrays is formed, which minimizes the surface area 
of the molecule while maximizing the number of hydrogen bonds (Figure 15C and D). A long 
range order of these arrays over the substrate is hampered by the variable directionality of 
these hydrogen bonds, resulting in a variety of defects. Extra stabilizing interactions are 
necessary to create a more robust system.
Figure 15. A: STM image of self-assembled arrays of TDMHPP at low surface coverage at a Cu(111) surface; B: STM profiles 
of a cyclic trimer of TDMHPP (top left) and a non-cyclized trimer (top right) and the models of these trimeric units (bottom left 
and right); C: STM image of arrays of TDMHPP at near-monolayer coverage; D: Model of the monolayer structure highlighting
hydrogen bonds (yellow lines). Adapted from ref. 80.
Bhosale et al. were inspired81 to use a different hydrogen bonding motif, based on 2- 
ethoxyethanol side chains, to control monolayer formation of porphyrins.82 These groups can 
interact by forming two distinct intermolecular hydrogen bonds per ethoxyethanol unit (Figure 
16A). 5,10,15,20-(Tetrakis-4-(ethoxyethanol)porphyrin (TEEP) and its zinc analogue 
(ZnTEEP, Figure 16B) were synthesized and their self-assembly behavior on HOPG in 
ambient conditions was studied. Solid state studies of ZnTEEP had indicated a preference 
for dimer formation, where one hydroxy group coordinates to the zinc center and effectively 
blocks the formation of two dimensional structures.83 For this reason, pyridine was added to 
replace this coordinating hydroxy group and make it available for hydrogen bonding 
interactions. For both TEEP and ZnTEEP-pyridine, STM showed the formation of large 
ordered domains of self-assembled porphyrins, however, the structures were remarkably 
different. TEEP is oriented ‘edge-on’ to the surface adopting a closely packed face-to-face 
arrangement, in which the porphyrin-porphyrin interactions are clearly stronger than the 
porphyrin-HOPG interactions (Figure 16C). In the ZnTEEP-pyridine system such an 
arrangement is blocked by the presence of pyridine as an axial ligand, resulting in structures 
where the porphyrins are lying flat (‘face-on’) on the surface (Figure 16D).
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Figure 16. A: Possible hydrogen bonding pattern of the ethoxyethanol tails; B: Chemical structure of ZnTEEP; C: STM image of 
a monolayer of TEEP on HOPG (100 x 100 nm2), the inset shows the proposed ‘edge-on’porphyrin arrangement; D: STM image 
a monolayer of of ZnTEEP-pyridine on HOPG (100 x 100 nm2), the inset shows the proposed ‘face-on’ porphyrin arrangement.
Adapted from ref. 82.
Lu et al. made use of hydrogen bonding interactions to control the assembly of porphyrinato 
phthalocyanato europium triple deckers.84 They synthesized a series of porphyrins with 
different numbers of hydroxy groups at their meso-phenyl substituents and prepared the 
corresponding tripledeckers with europium (TD1-TD5, Figure 17A). It was not possible to 
form the tetrahydroxy porphyrin triple decker due to a limited solubility of the porphyrin. p-p 
Interactions between the triple deckers are a driving force in the formation of the assemblies, 
but the influence of the hydrogen bonding motifs is very clear. The simple branched 
aggregates are replaced by ribbons when one hydrogen bonding moiety is introduced. The 
addition of an extra hydrogen bonding group results in the formation of nanostructures with a 
sheetlike morphology, while the addition of another hydroxyl group leads to the formation of 
spherical particles (Figure 17B-F).
23
Chapter 2
Figure 17. Molecular structures of TD1-TD5 (A) and their respective structures on carbon film measured with SEM (B-F).
Adapted from ref. 84.
2.3.3 Pyridyl-functionalized porphyrins
Kunitaki et al. reported the first example of EC-STM studies of ordered porphyrin adlayers in 
electrolyte solutions.85 After attempts to create these layers on a variety of surfaces, such as 
HOPG and Pt and Au single crystals, iodated gold appeared to be ideal for imaging
5.10.15.20-tetrakis(W-methylpyridinium-4-yl)porphyrine tetrakis(p-toluenesulfonate) (TMPyP) 
molecules. A precisely balanced interaction between TMPyP and the surface was essential 
for a successful formation of the adlayers. The interaction with gold is too strong, which 
hampers the formation of well-defined layers, while on iodated gold the interaction is less 
strong and the molecules can arrange themselves in an ordered structure.
In order to study the effect of the pyridine group itself on the self-assembly behaviour on 
HOPG, Otsuki and coworkers synthesized a library of porphyrins containing meso-4-pyridyl 
groups and meso-4-dodecyloxyphenyl substituents, in analogy to the porphyrins with meso- 
4-carboxyphenyl groups discussed earlier.77 Surface patterns were only observed for the 
mono pyridine-functionalized porphyrin, and the pyridine moiety appeared to be not involved 
in their formation. When more pyridine functions were introduced, the attractive forces 
between the surface and the alkyl tails were not strong enough to yield stable patterns. The 
inability of the pyridine function to control the formation of surface structures has also been 
observed in other research based on pyridyl-functionalized porphyrins.86-88 However, in an 
alternative role the pyridine moiety can be used as a handle to construct interesting 
nanostructures. Drain et al. selectively synthesized porphyrin nonamers and tetramers using 
a variety of pyridine porphyrins in combination with palladium(II) or platinum(II) salts, and 
were able to grow these nanostructures into columnar stacks from glass and mica.89, 90
Nolte and coworkers used palladium(II) complexes to dimerize 21H,23H-5-(4-pyridyl)-
10.15.20-tris(4-hexdecycloxyphenyl)porphyrin (Figure 18A) and observed very interesting 
structures when a chloroform solution of this dimer was left to evaporate on a carbon-coated 
copper grid.91 When after a short time the excess liquid was drained off the surface appeared 
to be covered with micrometer-sized rings (Figure 18B). Several other porphyrins showed the
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same behavior, but porphyrins having substituents at the ortho positions of their meso-phenyl 
groups did not. It was therefore concluded that one of the driving forces for ring formation is 
probably the p-p interactions between the porphyrins. The mechanism of ring formation was 
further studied by Hofkens et al., with platinum instead of palladium as the metal to dimerize 
the porphyrins.92 Using scanning probe microscopy (AFM and near-field scanning optical 
microscopy (NSOM)) it was observed that the ring-shaped assemblies were internally 
organized at the nanometer scale in the form of small molecular aggregates.
Figure 18. A: Chemical structure of the palladium-centered 21H,23H-5-(4-pyridyl)-10,15,20-tris(4-hexdecycloxyphenyl)porphyrin 
dimer; B: Scanning electron micrograph and transmission electron micrograph (inset) of ring-shaped aggregated formed from a 
1 *10'4 M dispersion of the dimer in chloroform drained after 10 s at 20 °C without staining. The scale bars represent 1 mm.
Adapted from ref. 91.
Instead of coupling porphyrins by stoichiometric addition of a suitable metal complex, the 
metal centers can sometimes also be extracted from the surface. Auwarter et al. showed that 
when tetrakis-meso(4-pyridyl)porphyrin (TPyP) is deposited on a Cu(111) surface at room 
temperature, the interaction with the surface is strong enough to suppress diffusion of the 
molecules.88 By increasing the temperature, their mobility increased and in the 300-360 K 
temperature range Eichberger et al. observed the formation of metastable porphyrin 
dimers.93 The formation of these dimers is probably the result of the capture of thermally 
activated Cu adatoms between the pyridine groups. At higher temperatures more Cu 
adatoms became available and even larger structures started to form.94 After annealing to 
393 K, linear and triangular structures were observed with STM (Figure 19A). When the 
annealing temperature was raised to over 450 K, longer linear chains and also honeycomb 
structures became apparent (Figure 19B). The formation of the linear and triangular chain 
segments was attributed to the linking of two opposing pyridyl groups by a Cu adatom, but 
the honeycomb structures, where a pyridyl group points to a pyrrole group of another 
porphyrin molecule, could not be explained.
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Figure 19. STM images of TPyP molecules adsorbed on a Cu(111) surface after annealing to 390 (A) and 500 K (B). Adapted
from ref. 93.
Very recently the same pyridine-copper interaction was used to form well-defined 
supramolecular architectures. Heim et al. synthesized three new porphyrins, containing one 
or two extended pyridine functions (MPyP, c/s-BPyP and trans-BPyP, Figure 20A).95 When 
the individual compounds were adsorbed on a Cu(111) surface, structures were found similar 
to those observed by Yokoyama et al.71 with the acid functionalized porphyrins. MPyP gave 
dimers, c/s-BPyP gave trimers, tetramers and bigger cyclic structures, and trans-BPyP 
yielded linear chains, all connected by Cu adatoms (Figure 2020B-D). The structure 
formation of c/s-BPyP was statistical in nature: a higher surface coverage of the molecule 
resulted progressively in the formation of larger structures containing more porphyrins. 
Deposition of a mixture of c/s-BPyP and trans-BPyP in a ratio of 3.6 to 1 resulted in the 
formation of a variety of supramolecular architectures in a range of sizes (Figure 20D). Also 
in this case the self-assembly process was statistical, inhibiting a uniform size distribution.
Figure 20. A: Chemical structures of MPyP, c/s-BPyP and trans-BPyP; B: STM image of MPyP on Cu(111); C: STM images of 
trimers and tetramers (left), a hexameric (top right) and a pentameric (bottom right) assembly of c/s-BPyP on Cu(111); D: STM 
images of an assembly of trans-BPyP (top right) and the architectures formed when a mixture of both c/s-BPyP and trans-BPyP
was deposited on Cu (111). Adapted from ref. 95.
De Luca et al. have shown that it is possible to control the growth of pyridyl-functionalized 
porphyrin structures by irradiating them with UV in halogenated solvents.96 The UV light 
decomposes the chlorinated solvent, leading to the formation of hydrochloric acid. This in 
turn leads to protonation of the porphyrins and the formation of deposits on the surface, due 
to the low solubility of the protonated species. It was shown that the mean length and height 
of these deposits are linearly dependent on the number of irradiations, so it is possible to
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tune their size. The monodispersity of the deposits could be improved by maintaining a low 
local concentration of the photogenerated acid.
TPyP has also been used to study the importance of the surface potential for the self­
assembly behaviour of the molecule in an EC-STM setup. Borguel and coworkers studied the 
assemblies of TPyP on a Au(111) surface.97 At positive surface potentials (>0.5VSCE), the 
TPyP molecules are completely immobilized on the surface resulting in a disordered layer, 
while at negative surface potentials (<-0.2VSCE) the molecules are highly mobile and cannot 
be imaged with STM. At the intermediate surface potentials, however, ordered adlayers are 
formed, in which the molecules can be immobilized by increasing the surface potential to 
higher values (0.5 -  0.8 VSCE).
Sharma et al. have shown that it is also possible to use the pyridine group to bind the 
porphyrin to the surface.98 They described the monolayer formation of several carboxylic 
acid-functionalised thiols on gold and studied the binding of TPyP and its zinc analogue to 
this surface. The acid groups can form hydrogen bonds with the pyridine groups of the 
porphyrins and XPS clearly showed the presence of the porphyrins on the surface.
Qian et al. have used a palladium-pyridine interaction to bind porphyrins to the surface.99 
First they modified a glass surface with (p-(chloromethyl)phenyl)trichlorosilane (CPTS). 
ZnTPyP was subsequently reacted with this layer. By washing the resulting substrate 
alternately with K2PdCl4 and ZnTPyP a multiporphyrin array was obtained. These layers 
show high thermal, chemical and structural stability and are potential materials for optical and 
photochemical applications. Yerushalmi et al. used the same CPTS-coated glass to 
determine the effect of the position of the nitrogen in pyridyl-functionalized porphyrins.100 
TPyP was shown to bind almost perpendicular to the surface, while 5,15,-bis(3-pyridinyl)-
10,20-bisphenylporphyrin was bound parallel to the surface.
2.3.4 Phosphonate-funct/onal/zed porphyrins
Also phosphate-modified porphyrins have proven to form interesting structures. Fuhrhop and 
coworkers have reported the formation of micrometer long fibers based on meso-tetrakis(4- 
(3‘-phosphonopropoxy)phenyl)porphyrin.101 When a hot, filtered aqueous solution of the 
porphyrin was applied to a mica surface, a monolayer was obtained and observed by SFM. 
After standing for a short time, the monolayer broke up completely and micrometer-long 
fibers were formed (Figure 21A). Initially, the fibres were thought to be formed because of the 
presence of hydrogen bonds between the phosphonate groups and water molecules, 
however, it was shown that fibres formed at high pH (<12) because of a combination of 
repulsion between the deprotonated phosphonate groups and an attractive interaction 
between the porphyrin rings (Figure 21B). At lower pH values (<12), monolayers of flat lying 
porphyrins were found. It was possible to induce the change from the monolayer phase to 
the fiber morphology by tapping the surface with the AFM tip, and after one week only fibers 
were observed.102 On HOPG on the other hand, the interaction of the porphyrin plane with 
the surface is much more favorable than in the case of mica. This results in the formation of 
stable monolayers, in which the molecules are connected via hydrogen bonds, on that 
surface (Figure 21C).102They also used the interaction between zirconium (IV) ions and 
phosphonates103 to self-assemble phosphonate porphyrins.101 By exposing a phosphonate- 
functionalized silicon substrate to alternatingly meso-tetrakis(3,5-bis(3‘- 
phosphonopropoxy)phenyl)porphyrin and ZrOCl2 solutions, porphyrin islands were grown on
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the surface. The average height was about 10 nm with the highest islands being around 30 
nm high. The zirconium phosphonate interaction results in irreversible self-assembly, while 
the fibers grown in basic solutions could be redissolved.
Figure 21. A: SFM (tapping mode) of fibers obtained from a basic solution of meso-tetrakis(4-(3‘- 
phosphonopropoxy)phenyl)porphyrin on mica (4.5 x 4.5 mm2); B: Model of the fibers; C: SFM phase images of the same 
porphyrin on HOPG (after Fourier filtration) with rows of ordered single porphyrins (55 x 55 nm2, top left) with a model overlay 
on a magnified detail (10 x 10 nm2, top right) and the same types of images for rows of dimers (bottom). Adapted from ref. 102.
Recently Bhosale et al. reported the formation of molecular wires using meso-tetrakis(3,5- 
(phosphonomethoxy)phenyl)porphyrin.104 By adding molecules of cyclam to the porphyrin, a 
hydrogen bonding network formed between the phosphate moieties and the cyclams, 
resulting in the formation of wires up to 12 mm long on a gold surface.
2.3.5 Covalently bound porphyrins
The previous examples have shown that a myriad of non-covalent interactions can be used 
to form 2D supramolecular structures on surfaces. However, when these structures can be 
covalently coupled after their formation, their stability is expected to be significantly 
enhanced.105 With regard to possible applications, such coupling might also facilitate efficient 
charge transport.106 Hla et al. have shown that it is possible to construct covalent bonds by 
manipulation with an STM tip,107 but unfortunately this elaborative technique is not suitable 
for forming a large number of bonds. Grill and Hecht and coworkers have found a solution to 
overcome this problem.108 They presented a method to create macromolecular structures by 
using small molecular building blocks with a few well-defined reactive groups. 5,10,15,20- 
tetrakis-meso(4-bromophenyl)porphyrin (Br4TPP) turned out to be an ideal ‘synthon’, 
because it is relatively mobile on a Au(111) surface and the bromine-carbon bond can be 
broken selectively because of the much smaller binding energy compared to other bonds in 
the molecule. The bromine atoms are dissociated thermally, either on the surface or in the 
evaporator of the UHV-STM system before deposition, resulting in the formation of activated 
groups (probably radicals) that can undergo addition reactions. By varying the amount of 
bromine atoms on the porphyrins between one and four, it appeared to be possible to control 
the shape of the 2D structures, varying from dimers (for the mono bromine-functionalized 
porphyrin), to wires (for the trans bis-bromines), to two-dimensional networks (for Br4TPP) 
(Figure 22). However, it has not yet been possible to cover the entire surface with these 
networks.
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Figure 22. STM images of 2D surface structures formed after breaking the Br-C bond for a mono bromine-functionalized 
porphyrin (5 x 5 nm2, A), a trans bis bromine-functionalized porphyrin (10 x 10  nm2, B) and Br4TPP (8.5 x 8.5 nm2, C and 30 x
30 nm2, D). Adapted from ref. 108.
Around the same time Amabilino, Raval and coworkers observed patterns similar to those in 
Figure 22 22D after annealing 5,10,15,20-tetra(mesityl)porphyrin at a Cu(110) surface 
between 150 and 200 °C 109 During the heating, radicals are formed on the methyl group of 
the mesityl groups,110 which react with each other to form covalently linked porphyrin 
networks. Compared to the work of Grill and Hecht, this approach displays less control due 
to the fact that all methyl groups can participate in the reaction and the surface structures 
contain only a small number of porphyrins. Liu et al. used a similar approach by heating a 
variety of acetylene-functionalized porphyrins to polymerize them on a Au(111) surface.111 
Also here there is a lack of control and the surfaces were only characterized by 
electrochemistry, which showed that in most cases thin films were formed containing multiple 
layers of porphyrins and of which the thickness could be controlled by varying the 
polymerization conditions. Also the groups of Creus112 and Paul-Roth113 have performed 
research on the electropolymerization of porphyrins on gold and platinum surfaces 
respectively, however in both cases the structures that were obtained were not really well- 
defined.
2.3.6 Multi porphyrin arrays
Instead of making covalent porphyrin arrays in situ on the surface, it is also possible to 
prefabricate them and then deposit them on the surface. Inspired by the beautiful self­
assembled architectures of photosynthetic antenna systems in Nature, a wide variety of large 
porphyrin arrays have been synthesized,10, 114, 115 and some have also been deposited on 
surfaces and imaged by STM. However, the relatively large size of these arrays usually 
prevents the formation of intermolecularly ordered structures on the surface. Alternatively, it 
is also possible to synthesize smaller porphyrin arrays and utilize their increasing aromatic 
surfaces to interact via p-p interactions with neighbor molecules to form well-defined 
supramolecular aggregates on a surface.
Biemans et al. have shown that upon dewetting a solution of porphyrin hexamers on a 
surface the same type of rings are formed as were observed with the pyridyl-functionalized 
porphyrins described earlier (see Figure 18B).91, 92 However, by increasing the number of 
porphyrins, the intermolecular p-p interactions are enhanced and this is clearly reflected in 
the ring formation in the sense that there appeared to be a molecular ordering on a 
micrometer scale.116 This ordering was further enhanced by annealing the samples during 
their formation, which also resulted in an increase of the sizes of the rings. Ring formation 
was investigated on a variety of surfaces and the best results were obtained when a 
hydrophilic carbon coating on a glass substrate was used.117 Two possible mechanisms can
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explain the formation of these porphyrin rings: the coffee-stain mechanism118 and the pinhole 
mechanism.119 The coffee-stain mechanism explains the formation of rings by solution 
droplets, where the evaporation is faster on the outside of the droplets than on the inside. 
The contact line is pinned and the evaporation causes a flow within the droplet that drives the 
solutes to the outside where they are deposited and form the rings. The pinhole mechanism 
is based on the formation of small holes in the thinning liquid. Because also in this case the 
evaporation is faster on the edges of these holes, solutes flow towards these edges where 
the material is deposited and rings are formed. Fluorescence measurements showed that no 
porphyrin material is present inside the rings formed by the pinhole mechanism.
Elemans et al. later reported the use of the hexa-zinc derivative of the porphyrin hexamers 
(Figure 23A) to study the influence of ligand binding on the formed surface structures. They 
studied the porphyrin hexamers at the liquid-solid interface.120 A drop of solution of the 
hexamer in 1-phenyloctane was deposited on HOPG and the surface was studied by STM, 
which showed the formation of large domains of a lamellar phase in which the porphyrin 
hexamers were oriented in an edge-on geometry to the surface (Figure 23B). When a new 
sample was made with diaza[2,2,2]bicyclooctane (DABCO) present, a bidentate ligand that 
can bind to the central zinc ions, an increase in definition, stability and domain size of the 
lamellar arrays was observed (Figure 23C). The structural changes can be directly 
correlated to the increase in strength of the intermolecular interactions. When the ligand was 
changed to the bigger 4,4’-bipyridine (bipy) the observed arrays changed completely into 
huge domains of face-on arranged molecules (figure 23D). Apparently, the DABCO ligands 
are small enough to allow both metal-ligand coordination and p-p interactions between the 
porphyrins, while with bipy as a ligand the p-p interactions are broken and the porphyrins are 
observed as isolated species instead of in self-assembled arrays. The observed 2D surface 
structures can therefore be tuned by using the appropriate ligands.
5 nm
Figure 23. A: Chemical structure of the hexamer (M=Zn); B: STM image of edge-on oriented arrays of the free base hexamer 
(M=2H) in 1-phenyloctane on HOPG, similar images were obtained for the zinc hexamer; C: STM image of a domain of edge-on 
oriented complexes of the zinc hexamer and DABCO on HOPG; D: STM image of a domain of face-on oriented complexes of
the zinc hexamer and bipy on HOPG. Adapted from ref. 120.
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The cyclic porphyrin oligomers were subsequently expanded to porphyrin dodecamers, and 
also these molecules formed highly ordered arrays at the liquid-solid interface.121 Again zinc 
ions were inserted into the porphyrins and the effect of adding bidentate ligands was 
investigated.122 In this case, both in the presence of DABCO or bipy edge-on oriented 
structures were observed on the surface. Instead of the possibility to induce an edge-on or a 
face-on geometry, in this case the ligands could be used to control the distance between the 
porphyrin oligomers, which were clearly more closely packed when DABCO was used 
instead of bipy.
These large structures show a high degree of intramolecular interactions because of the 
large amount of porphyrins present. To strengthen the intermolecular interactions, van 
Hameren et al. reduced the number of porphyrins by synthesizing trimers and introduced 
amide groups to favour intermolecular hydrogen bonding (Figure 24A).123 STM 
measurements of the porphyrin trimers on a solid-liquid interface showed the formation of 
columnar stacks, and also studies in solution indicated the presence of strong intermolecular 
interactions. The molecules were also deposited on mica by dropcasting from dilute 
chloroform solutions, and the structures thus generated proved to be completely unexpected. 
Large parts of the surface were covered with highly defined line patterns, which were 
monodisperse in both height and distance between the lines (Figure 24B). The lines consist 
of single molecule thick columnar stacks containing millions of porphyrin trimers. A 
combination of spinodal dewetting phenomena and a high tendency of the molecules to self- 
assemble into columnar stacks, in combination with contact-line pinning, are the main 
processes that play a role in the pattern formation. The solvent is also very important. Follow- 
up research revealed that the use of a more apolar solvent resulted in the formation of large 
aggregates already in solution. When these solutions were dropcasted on mica, the larger 
aggregates were directly deposited on the surface and no rearrangement into line patterns 
on the surface was possible anymore.124
Figure 24. A: Chemical structure of the porphyrin trimer; B: AFM image of the mica surface after dropcasting a chloroform 
solution of the porphyrin trimer (25 x 25 mm). Adapted from ref. 123.
2.3.7 Imidazole-functionalized porphyrins
Instead of adding axially binding ligands to direct the assembly of porphyrins on a surface, as 
was described in the previous section, it is also possible to synthesize porphyrins to which 
the ligands are already covalently attached. Takahashi and Kobuke have used this approach 
to construct a self-assembled light-harvesting antenna mimic. Continuing previous work 
based on imidazolylporphyrinato zinc(II) dimers,125 they designed a new 
imidazolylporphyrinato zinc(II) dimer coupled by a 1,3-phenylene spacer.126 The 120° angle 
between the porphyrin moieties in this molecule was expected to drive their self-assembly 
into a closed ring structure, containing 12 porphyrins. By varying the solvent the desired 
cyclic structures were formed almost selectively, whereafter they were deposited on a mica
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surface. Kawai and Kobuke and coworkers further investigated this approach by using two 
different coordination-assembled porphyrin macrocycles based on imidazolylporphyrins.127, 
128 In these cases, after their self-assembly the porphyrin macrocycles were locked into place 
using ring-closing metathesis in order to prevent disassociation on the surface.
Koepf et al. used the surface to direct the self-assembly process of self-complimentary 
phenanthroline-strapped porphyrins bearing imidazole arms (Figure 25A).129 Solution studies 
revealed a high association constant of Ka = 10 x 109 M in chloroform for dimer formation, 
which is governed by a combination of metal-ligand coordination, hydrogen bond formation 
and p-p stacking. In solution only dimers and aggregates of dimers were observed, but when 
the molecules were deposited on a surface, the self-assembly behavior changed completely. 
When a mica surface was dipped vertically in an n-heptane solution of the compound, fibers 
of the dimer were observed with a length between 10 and 400. The length distribution was 
dependent on the position of the assemblies on the surface: on top only very small 
aggregates were observed (70% were shorter than 25 nm), while at the bottom they were 
much longer (more than 70% longer than 110 nm). On a HOPG surface, the situation was 
completely different. In that case, the surface assisted in the self-assembly process, resulting 
in the formation of large assemblies or even thin films of porphyrin wires consisting of 
coordination polymers (Figure 25B-D). The striking difference in aggregation behavior on 
both surfaces was explained as follows: on mica the hydrophilic surface plays only a passive 
role by capturing the assemblies that had already been preformed in the solution, while on 
HOPG the affinity of the alkyl tails and porphyrin surface to the surface results in the 
dissociation of the dimers and the formation of coordination polymers, allowed by the mobility 
of the monomers on the surface.
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Figure 25. A: Structure of the phenanthroline-strapped porphyrins; B: Schematic representation of the aggregates formed on 
mica and HOPG; C: Schematic representation of the surface structures on mica (left) and HOPG (right); D: AFM images of the 
structures on mica (left, scale bar: 1 mm) and HOPG (right, scale bar: 500 nm). Adapted from ref. 129.
2.3.8 Thiol-functionalized porphyrins
The abovementioned examples generally deal with porphyrins that are physisorbed on the 
surface. Several examples of using specific functional groups to anchor the porphyrins to the 
surface by chemisorption have also been reported, mainly in self-assembled monolayers 
(SAMs).130 Most of these SAMs are based on sulfur-noble metal linkages.130-133 A wide 
variety of thiol-functionalized porphyrins have been synthesized and self-assembled onto 
gold or silver surfaces.134-158 These SAMs have allowed the detailed study of several 
phenomena, such as electron transfer between the porphyrin and a gold surface,159-162 the 
effect of the interfacial architecture on electrochemistry,163 the effect of chain length of the 
spacer between the porphyrin and the surface on the (photo)electrochemistry,164-167 and 
excitation of the porphyrin using surface plasmons.168-170 In some cases the thiol- 
functionalized porphyrins have been combined with other functional groups such as 
peptides,171 C60,172-177 ferrocene,178 or C60 and ferrocene.179-181 Collman et al. reported the use 
of monolayers of azide-functionalized thiols,182 which were subsequently reacted with various 
acetylene-functionalized redox-active species including iron porphyrins.183-185 Thiol- 
functionalized surfaces have also been used to form thiolether-bound porphyrins.186, 187
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Generally, spectroscopy and/or electrochemistry are used to determine the presence of the 
porphyrins on a gold surface. In some cases, XPS has been used to determine the elements 
present on the surface and thereby the presence of porphyrins.136-138, 140, 188-193 With this 
technique the surface coverage can be estimated, but there is only limited information on the 
organization of the porphyrins. The orientation of the porphyrin can be studied in detail by 
Near Edge X-ray Absorption Fine Structure (NEXAFS)194, 195 and in some cases AFM196 or 
STM195-199 is used to study the topography, but generally no well-defined ordering is 
observed.
Not only sulfur-gold interactions have been used to tether porphyrins to surfaces. Turner et 
al. studied thiol-functionalized porphyrins on a Ag(100) surface.155, 195, 200 Zhang et al. used 
carboxylic acid-gold interactions,201, 202 Han et al. investigated isothiocyano-functionalized 
porphyrins on gold,203 Imahori and coworkers reported siloxane-functionalized porphyrins 
bound to it o ,204-210 and Araki et al. studied carboxylic acid-functionalized porphyrins that 
were also chemisorbed to ITO.211 Also the functionalization of Si(100) surfaces with 
porphyrins has been studied by several groups in the past few years.212-222
The best approach to bind a porphyrin to the surface depends on the intended property or 
function of the porphyrin. For instance, Lu and coworkers have shown that the electocatalytic 
reduction of oxygen by cobalt porphyrins works better for a CoTPP coordinated axially to an 
4-thiolpyridine than for a cobalt(II) tetra-(p-(3-mercaptopropyloxy)phenyl)porphyrin directly 
bound to the surface.223
2.4 Coadsorbates
By codepositing porphyrins with other molecules, unique surface structures can be obtained 
that might exhibit interesting new properties. Several examples of this approach have 
reported in the past years.
2.4.1 Mixed phthalocyanine-porphyrin structures
Hipps and coworkers were the first to observe self-assembled bicomponent structures of 
porphyrins and phthalocyanines, using vapor-phase deposition onto a metal surface.20, 224 
They studied cobalt(II) hexadecafluorophthalocyanine (F16CoPc), cobalt(II) phthalocyanine 
(CoPc) and NiTPP adsorbed on a Au(111) surface in UHV. CoPc and NiTPP both form 
ordered structures when they are deposited, while F16CoPc forms unordered aggregates. 
When CoPc and NiTPP were deposited together, films with a well-defined structure and 
compositional disorder were observed (Figure 26A). On the other hand, when F16CoPc and 
NiTPP were deposited together, regions appeared with a well-defined 1:1 molar ratio of both 
compounds (Figure 26B). The mixed 2D assemblies were more stable than the films of the 
parent compounds. Several intermolecular interactions were identified that can contribute to 
this remarkable ordering. Each close proximity of H' F pairs gives rise to an attractive 
interaction, and the electrostatic repulsion between the fluorides is reduced by the increased 
spacing between the F16CoPc molecules. The generation of image charges in the underlying 
substrate results in dipole moments normal to the surface, which have a favourable 
interaction and, finally, there is a weak repulsion between the vertically oriented phenyl 
groups and the horizontal Pc plane. The domain sizes of the mixed assemblies of F16CoPc 
and NiTPP could be manipulated by changing the deposition rate and surface temperature, 
and by applying post-deposition annealing. Also the coadsorption of CoTPP and CoPc was 
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studied. Monolayers of the mixture of these compounds showed the formation of alternating 
rows of both molecules, but a lot of defects were present due to the lack of strong 
intermolecular interactions.23
Figure 26. STM images of mixed adlayers of NiTPP and CoPc (A) and NiTPP and Fi6CoPc (B) on Au(111). The scale bar
applies to both images. Adapted from ref. 20.
In a study of mixed adlayers of 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine copper(II) 
(CuOEP) and cobalt(II) phthalocyanine (CoPc) on a Au(111) surface in an EC-STM, 
Yoshimoto et al. demonstrated the influence of the surface electrode potential on the self­
assembly behaviour.225 They observed that modulation of the potential accelerated the 
surface mobility and molecular reorganization of CuOEP and CoPc. In addition, different 2D 
surface structures were formed depending on the electrode potential. At an electrode 
potential of 0.85 V, a terrace was covered with several ordered domains of alternating rows 
of CuOEP and CoPc molecules (Figure 27A and C). When the potential was lowered to 0.65 
V and kept at that value for 30 minutes, one-dimensional molecular chains of CuOEP were 
observed in between two or three rows of CoPc (Figure 27B). At 0.45 V, phase separation 
had taken place and adjacent domains of CoPc in a square packing arrangement and 
domains of CuOEP in a quasi-hexagonal lattice could be observed (Figure 27D).
Figure 27. Typical STM images of CuOEP and CoPc arrays on the Au(111) surface in 0.1 M HClO4 at 0.85 V (15 x 15 nm2, A), 
0.65 V (40 x 40 nm2, B) and 0.40 V (70 x 70 nm2, D), and a structural model of the adlayer at a potential of 0.85 V (C). Adapted
from ref. 225 .
Further work in this group focused on monolayers of ZnOEP and ZnPc on a Au(111) surface. 
Also in this case, manipulation by the electrode potential resulted in the formation of 
nanopatterns.226 The mixed assembly showed some disordered regions at a potential of 0.80 
V, but when the potential was lowered to 0.60 V stripes of alternately arranged ZnOEP and 
ZnPc rows were observed. When the potential was lowered even further, ordered regions 
consisting of only ZnOEP were observed while the ZnPc molecules were too mobile to image 
properly.
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Itaya and coworkers also studied mixed layers of copper(II)tetraphenylporphyrin (CuTPP) 
and cobalt(II)phthalocyanine (CoPc) in an EC-STM on Au(111) and Au(100) surfaces.227 On 
Au(111), ordered phases of CuTPP and disordered phases containing both CoPc and 
CuTPP could be observed by STM. On Au(100), on the other hand, highly regular binary 
arrays were present. Domains of alternating molecular chains of CoPc and CuTPP were 
observed to run nearly parallel to the <110> direction of the Au(100) substrate. The distances 
between the different molecules corresponded closely to those of the Au lattice constant. 
These observations indicate that the formation of the alternating molecular chains is 
governed by the underlying Au substrate, however, the precise nature of the interaction 
between the molecules and the surface remained unclear. Further studies showed that also 
the immersion time and concentration played a role in the formation of the patterns.228
2.4.2 C60-porphyrin structures
The favourable interaction between fullerenes and porphyrins was first discovered in 1997229 
and has been studied extensively in the last decade.230-236 There is a large interest in creating 
well-defined C60-functionalized surfaces,237 and the interaction with porphyrins could be used 
to create these. The group of Itaya was one of the first to study such surfaces, mainly by 
making use of metallo-octaethylporphyrins (OEP) on gold surfaces. First they showed that 
open-cage C60-molecules bind on top of ZnOEP molecules on a Au(111) surface.238 The 
binding appeared to be influenced by the adlayer structure of the porphyrin. When comparing 
the binding of open-cage C60 on ZnOEP on Au(100)-hex and Au(100)-1x1, clear differences 
were observed in the STM images and electrochemical responses of the C60-moieties.239 
When the study was expanded to porphyrins containing other metal centers, it was observed 
that ferrocene-modified C60 binds in a similar fashion to ZnOEP, CoOEP and CuOEP, but in 
the case of FeClOEP the top side of the porphyrin is blocked by the chlorine axial ligand and 
no binding could be observed.240
Bonifazi et al. reported the supramolecular architectures that are formed by the cooperative 
assembly of porphyrins and fullerenes on a Ag(100) surface under UHV conditions.64 As 
described in section III, the same authors studied monolayers of ZnB3CTBPP and its dimer 
ZnbisB3CTBPP (Figure 7A). They added C60 to these monolayers and studied the resulting 
structures with STM. After thermal annealing, an unprecedented assembly of porphyrins and 
C60-molecules was observed (Figure 2828A). Pairs of fullerenes were arranged in a vertical 
fashion, and this paired line pattern repeated itself every 7.3 nm in the horizontal direction. In 
the case of ZnbisB3CTBPP, on the other hand, unidirectional chains of C60 of various lengths 
were formed (Figure 28B). In the latter case, time-lapsed series of STM images indicated 
that the adsorption of the fullerenes induced a conformational change in the porphyrin tert- 
butylphenyl groups, which propagated in the porphyrin layer and directed the formation of the 
fullerene chain on top of it. The formation of the pairs could not be explained, but solution 
studies241, 242 indicated a strong interchromophoric interaction between C60 and ZnB3CTBPP, 
which might contribute to the assembly.
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Figure 28. STM images of the ZnBCTBPP-C60 assembly (30 x 24 nm2, A) and the ZnbisBCTBPP-C60 assembly (77 x 65 nm2,
B) on Ag(100). Adapted from ref. 64.
The main interaction between fullerenes and porphyrins in solution is that between the p- 
surfaces of the porphyrin and the C60-molecule.236 However, the fullerene does not always 
bind on top of the porphyrin monolayers, a phenomenon that was first observed by Spillmann 
and coworkers when they continued the study of monolayers of ZnB3CTBPP (Figure 7) on 
Ag(111) in combination with fullerenes.66 When the monolayers were exposed to a small 
amount of C60, the fullerenes did not bind on top of the porphyrins, but in the small pores in 
between them (Figure 29A and B). Even though the distance between the fullerenes is 
relatively large, C60-containing supramolecular islands could be observed (Figure 29C), 
which suggests the presence of attractive or cohesive intermolecular interactions between 
the fullerenes. The distance between the fullerenes is too large (3.3 ± 0.1 nm) for direct 
electrostatic or Van der Waals type interactions. Most probably, fullerene inclusion again 
induces some conformational adaptation by the porphyrins, which propagates throughout the 
monolayer in combination with an electronic interaction between the metal surface and the 
fullerenes.243
Figure 29. A: Detailed STM image of a monolayer of ZnB3CTBPP with C60 bound in the pores (30 x 30 nm2); B: Proposed 
molecular model; C: STM image of a supramolecular island of fullerenes included in the monolayer of ZnB3CTBPP (93 x 88
nm2). Adapted from ref. 66.
Evidence for large scale conformational changes that can be caused by the binding of 
fullerenes was provided by Yokoyama and coworkers when they were studying the 
adsorption of C60 on a layer of 5,15-bis-meso(4-carboxyphenyl)-10,20-bis-meso(3,5-di-tert- 
butylphenyl)porphyrin (trans-BCaTBPP).244 As described earlier,72 the monolayer of trans- 
BCaTBPP is characterized by a sequential hydrogen bonding pattern between the 
carboxyphenyl groups, resulting in the formation of densely aggregated wires that cover the 
complete Au(111) substrate (Figure 30A). After deposition of C60, STM revealed the 
formation of extended linear chains of C60 along the hydrogen bonded porphyrin wires 
(Figure 30B). Again, the C60 molecules do not bind on top of the porphyrins, but they appear 
to be adsorbed in between them directly on the Au(111) surface. This is only possible when 
the conformation of the porphyrins, which were previously covering the entire surface, is 
changed, resulting in the formation of a nanoporous network.
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Figure 30. STM images of a full-coverage monolayer of trans-BCaTBPP (7.0 x 7.0 nm2, A) and the porous network after C60
adsorption (35.0 x 50.0 nm2, B). Adapted from ref. 244.
Especially on Au(111), C60 appears to have a tendency to preferentially bind on the gold 
surface itself instead of on top of the porphyrin monolayers. This preference was also 
observed by Yoshimoto et al. during their studies of the binding of C60 on a mixed layer of 
zinc(II) octaethylporphyrin (ZnOEP) and zinc(II) phthalocyanine (ZnPc).226 They observed a 
local enhancement of the electronic charge distribution of the gold surface in between the 
molecules, which is caused by the n-electron donation of ZnOEP and ZnPc and argued that 
the strong electron-accepting capability of C60245 in combination with the high adsorption 
energy of C60 on Au(1 1 1)246 is responsible for the binding behavior of the fullerene directly to 
the metal.
2.4.3 NO gas coadsorption
As was shown above, the coadsorption of other organic molecules can result in a 
reorganization of the porphyrin layers and in the creation of well-ordered mixed layers. 
However, as early research by Ohtani et al. had shown, the coadsorbate can also be a small 
molecule such as carbon monoxide.247 This work inspired Buchner et al. to investigate the 
interaction of a small molecule (NO) with porphyrin monolayers.248 When a monolayer of 
CoTPP on Ag(111) was exposed to NO under UHV conditions at room temperature, several 
clear reorganizations could be observed. The initial layer has a square lattice order, and 
upon increasing the NO dose it changed to a hexagonal arrangement and an oblique 
structure (Figure 31). The porphyrin unit cell in the 2D assembly increases gradually upon 
the addition of NO, indicating that the NO-molecules are adsorbed on the surface itself. 
Temperature-dependent studies showed that the initial step probably involves thermal 
movement of one or more porphyrins, followed by adsorption of an NO molecule. The NO 
molecules are bound strongly onto the surface when they are coadsorbed with CoTPP, while 
no adsorption is observed on a bare Ag(111) surface. The authors propose that lateral 
dipole-dipole interactions between the electronegative CoTPP and the electropositive NO are 
the main driving force that stabilizes the arrangements. These results show that the presence 
of very small molecules can already have a profound influence on the 2D surface structures.
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Figure 31. STM images of ordered arrays of CoTPP on Ag(111) with NO dosages of 576 L (A), 755 L (B) and 949 L (C).
Adapted from ref. 248.
2.5 Conclusions
It has been demonstrated in this overview that in the creation of ordered surface structures 
based on self-assembled porphyrins, a multitude of interactions can play a role to determine 
the final outcome of the 2D structure, which make these systems difficult to predict. Not only 
molecule-surface interactions can have a decisive influence on generating a multicomponent 
nanostructure, but also molecule-molecule interactions, and, when present, interactions of 
the molecules and the surface with a solvent. A complicating factor is that in most systems 
these interactions are not self-standing but influence each other in a cooperative fashion.
The interaction between the porphyrins and the surface is a first important factor. If this 
interaction is very strong, the porphyrins will be kinetically trapped on the surface and no 
rearrangement or self-repair into an ordered structure will take place. In many other cases, 
however, a specific interaction between the porphyrins and the surface can serve as the 
driving force for the formation of an ordered adlayer. By alignment of the porphyrins along 
certain lattice directions, large ordered regions in which all the porphyrins have the same 
orientation can be the result. Specific molecule-surface interactions can be controlled to a 
certain extent by the synthetic design of the porphyrin building blocks. For example, thiol- 
functionalized porphyrins readily chemisorb to gold, while the attachment of long alkyl chains 
to the porphyrin core is favorable for physisorption of the macrocycles to a graphite surface.
With respect to molecule-molecule interactions, a carefully designed modification of the 
porphyrin building blocks with functional groups can be a determining factor in the final 
outcome of a 2D self-assembled nanostructure. In the case of intermolecular interactions 
based on hydrogen bonding, meso-carboxyphenyl groups exhibit a very strong directionality, 
while meso-phenol groups allow more flexibility in their self-assembly geometries. meso- 
Cyanophenyl groups mainly interact via dipole-dipole interactions and allow a variety of 
orientations, while the strength and directionality of interactions via metal-ligand coordination 
(e.g. in the case of meso-pyridine- or meso-imidazole-functionalized porphyrins) strongly 
depend on the nature of the metal-ligand system. A greater flexibility in supramolecular 
interactions allows the formation of different binding modes within one self-assembled 
nanostructure, but it also increases the chance of obtaining less well-ordered structures and 
the appearance of defects.
The amount of porphyrins deposited on the surface can also play a significant role. At low 
surface coverage, in general the functional groups of the porphyrins direct the formation of 
well-defined architectures, while at higher surface coverage, more densely packed structures 
are observed, where the intermolecular Van der Waals interactions are maximized.
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The co-adsorption of additional components can be used to tune the 2D porphyrin structures 
on a surface. In the case of metallo-porphyrins, axially binding ligands can be used to 
stabilize or destabilize certain molecular arrangements. In other cases, compounds can 
coadsorb on the surface resulting in the formation of architectures that cannot be obtained by 
only using porphyrins.
Finally, many examples have been reported where porphyrins are attached to a surface via 
linkers containing thiols and siloxanes. In general, such an approach of anchoring porphyrins 
to a surface, directly or by using surface-bound axial ligands, leads to unordered surface 
structures, because of the absence of strong interactions between the porphyrins 
themselves. Strong interactions between the porphyrins and the surface, however, do 
guarantee the stability of the monolayers and also by changing the linkers, the distance 
between the surface and the porphyrins can be controlled.
Due to the myriad of possible interactions involved with porphyrin self-assembly on a 
surface, it remains difficult to predict in advance how the molecules will organize and what 
kind of 2D architecture will be formed, but by a proper choice of the surface and a careful 
design of the molecular building blocks, the self-assembly can be directed in the desired 
direction.
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Chapter 3 
Porphyrin Trimers
In previous research in our group porphyrin trimers exhibited remarkable self-assembly 
behavior in solution and at the liquid-solid interface. With the aim to construct multiporphyrin 
arrays in which the porphyrin building blocks interacted more strongly, this chapter reports 
the synthesis of two new porphyrin trimers with sterically less bulky substituents, and their 
self-assembly behavior in solution and on a surface. The new porphyrin trimers indeed 
appeared to interact more strongly than the previously reported trimers, which was indicated 
by lower critical aggregation concentrations in toluene and chloroform. In toluene, the 
aggregate formation could be fitted to a nucleation-growth model. The study of the 
aggregation in solution and at the liquid-solid interface showed clear solvent-dependent 
behavior. By changing the solvent, the trimers were either molecularly dissolved, formed 
supramolecular polymers, or existed in an equilibrium of these states.
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3.1 Introduction
The highly defined circular assemblies of porphyrins present in the photosynthetic systems in 
plants and bacteria1, 2 have inspired researchers to construct and study artificial chromophore 
assemblies. In these artificial systems the organization of chromophores in well-defined 
arrays can lead to materials with new photo-physical and optoelectronic properties.3 Specific 
excitonic interactions between the chromophoric moieties in the assemblies are responsible 
for the expression of those properties. Thus, by precisely controlling the intermolecular 
arrangement of the chromophores, a desired function might be programmed into the 
resulting materials, but the achievement of such control still remains a challenging task.
Two main approaches have been used to obtain more control over the arrangement of 
chromophores. One approach is based on the introduction of covalent bonds between the 
chromophores,4, 5 the other on the introduction of non-covalent interactions.6, 7 The latter, 
supramolecular approach offers several advantages. The building blocks are usually easier 
to synthesize and purify and they subsequently self-assemble generally into the 
thermodynamically most stable structure. In addition these systems can have the possibility 
of self-repair. However, the precise arrangement of the chromophores in a desired 
superstructure requires an optimal design of the constituting building blocks.
Figure 1. Schematic representation of the crystal structure of the LH2 holocomplex of Rhodopseudomonas acidophila.8
Previous work in our group has shown that circular multiporphyrin arrays obtained by 
attaching a central benzene core can show interesting self-assembly behavior (see Chapter 
2). 9-15 Especially the porphyrin trimers developed by van Hameren et al., in which three 
porphyrins are linked via amide bonds to a central benzene core (Figure 2A), showed very 
interesting behavior.16 The amides were introduced to induce strong intermolecular 
interactions via hydrogen bonding.17-20 The combination of p-p interactions and hydrogen 
bonding indeed resulted in very strong intermolecular interactions, which was confirmed by 
the observation that the porphyrin trimer self-assembled into very long columnar stacks with 
a length of several tens of nanometers21 The most interesting behavior was however 
observed when a chloroform solution of the trimer was dropcasted and evaporated on mica. 
Highly regular line-patterns were formed on the surface (Figure 2B), with each of the lines 
being exactly one single molecule thick and the spacing between the lines (between 0.5 and
1.0 mm) being highly monodisperse within one domain.
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Figure 2. Molecular structure of a porphyrin trimer (A) and an AFM image of the line patterns formed after dropcasting and 
evaporating a chloroform solution of this compound on mica (B).16
Detailed studies revealed that a very delicate balance between chemical self-assembly and 
physical dewetting phenomena is responsible for the pattern formation (Figure 3).16, 21 During 
the evaporation of the solvent the contact line of the droplet is pinned, until the surface 
tension becomes too high. Then the contact line retracts quickly until a stable droplet is 
formed again, and the process repeats itself (Figure 5A). This process is described by the 
so-called coffee-stain mechanism.22, 23 Under the right conditions, the regular line patterns 
can be observed between two of those contact lines (Figure 5B). A thin film of porphyrins and 
chloroform is left after the retraction of the contact line. The combination of spinodal 
dewetting of this thin film and the propensity of the porphyrins to from 1D aggregates results 
in the formation of this remarkable pattern. The patterns were only observed in low humidity 
(RH < 20%), with chloroform as the solvent.
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Figure 3. A: Proposed mechanism for line pattern formation. The droplet evaporates (I ^  II) and several contact pinning lines 
are formed (1-3) in between which the line patterns are formed. B: AFM image (30 x 30 mm) of an area showing the contact
lines and the single molecule thick patterned lines.
In this chapter the possibilities to form these patterns are further investigated. For this 
purpose, two new porphyrin trimers were synthesized and their aggregation behavior was 
studied in solution and on a surface. To increase the intermolecular interactions between the 
porphyrins in the columnar stacks, the 4-dodecyloxyphenyl side groups at the porphyrin 
meso-positions were replaced by simple alkyl chains. This modification was expected to 
result in less steric hindrance between the porphyrins in the stacks and as a result stronger 
intermolecular interactions and to improve the pattern formation.
3.2 Synthesis
To obtain the desired porphyrin trimers, first a mono-amino-functionalized porphyrin has to 
be synthesized. In general, porphyrins are synthesized by reacting an aldehyde with pyrrole 
in a 1:1 ratio (Figure 4). By using a mixture of aldehydes it is possible to attach different 
meso-side-chains to the porphyrin. To avoid steric bulk around the porphyrin as much as 
possible, we decided to functionalize three of the meso-groups with n-alkyl chains, and for 
this purpose simple alkylaldehydes were used as one of the starting materials. The amino 
function can be connected to the porphyrin via a rigid or a flexible linker. A phenyl group was 
chosen as the linker to prevent intramolecular interactions between the porphyrins within the 
final porphyrin trimer.
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R
Figure 4. General synthesis scheme of a porphyrin.
In order to study the aggregation behavior of the porphyrin trimers in detail, not only a trimer 
was synthesized with linear alkyl chains, but also a derivative with chiral alkyl chains based 
on citronellal. The presence of chiral centers in the side chains might result in the formation 
of chiral stacks of porphyrin trimers, which can then be studied insolution with the help of 
circular dichroism (CD) spectroscopy.24
3.2.1 Synthesis of the achiral porphyrin trimer
Following a procedure by Lindsey and coworkers,25 4-nitrobenzaldehyde (precursor for the 
amino group), n-nonylaldehyde and pyrrole were reacted in a ratio of 1:3:4 with trifluoroacetic 
acid (TFA) in dichloromethane (Figure 5). After completion of the reaction, 2,3-dichloro-5,6- 
dicyanobenzoquinone (DDQ) was added to oxidize the resulting porphyrinogen to the 
porphyrin. A statistical mixture was formed with the main products being 5,10,15,20-tetrakis- 
meso-n-octyl porphyrin and 5,10,15-tris-meso-n-octyl-20-(4-nitrophenyl)porphyrin 1, which 
could be separated by column chromatography yielding the desired mono-nitro porphyrin in 
9%.
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Figure 5. Synthesis of porphyrin trimer 3. A: 1) pyrrole, TFA, C^Cfe, rt 1.5 h 2) DDQ, rt 2 h, 9%; B: SnCh.2H2O, Et2O.HCl, rt 2 
days, 91%; C: benzene-1,3,5-tricarbonyl trichloride, pyridine, CH2Cl2, 0 °C to rt 2 h, 67%.
The nitro group was subsequently reduced with the help of tin(II)chloride and hydrochloric 
acid dissolved in diethylether. The resulting amino-functionalized porphyrin 2 was purified by 
column chromatography and isolated in a yield of 91%. To synthesize the porphyrin trimer, 
compound 2 was reacted with benzene-1,3,5-tricarbonyl trichloride in dichloromethane in the 
presence of pyridine. Size exclusion chromatography (SEC) was used to separate trimer 3 
from unreacted 2. After precipitation in methanol, porphyrin trimer 3 was obtained in a yield 
of 67%.
3.2.2 Synthesis of the chiral porphyrin trimer
The synthesis route of the chiral porphyrin trimer (Figure 6) was very similar to that of the 
achiral one, except for the starting aldehyde. (S)-Citronellal is a commercially available 
compound and it was chosen as the starting compound for the synthesis of the chiral alkyl 
chain. First the alkene function was hydrogenated using palladium on carbon under 
hydrogen pressure in ethyl acetate. The remaining synthesis route was as analogous to the 
route described for the synthesis of 3.
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Figure 6. Synthesis of porphyrin trimer 6. A: Pd/C, 3 bar H2, EtOAc, rt 3 h, 97%; B: 1) pyrrole, TFA, CH2Cl2, rt 1.5 h 2) DDQ, rt 2 
h, 16%; C: SnCl2.2H2O, Et2O.HCl, rt 1 day, 65%; D: benzene-1,3,5-tricarbonyl trichloride, pyridine, CH2Cl2, 0 °C to rt 2h, 49%.
To remove some grease impurities attempts were made to precipitate the product in n- 
heptane, but it proved to be too soluble. However, upon the addition of some hydrochloric 
acid, the protonated porphyrin trimer precipitated. The green solid was isolated and dissolved 
in chloroform and precipitated again in methanol containing 2% of triethylamine. Only after 
repeating this procedure five times, grease impurities were found to be fully removed and 
porphyrin trimer 6 was obtained as a deep purple solid in a yield of 49%. In the 1H NMR
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spectrum (Figure 7) the splitting of proton 9 is interesting. This proton is split up in two 
multiplets for 3 protons each. This shows that the rotation of the C-C bonds along C9-C10 is 
relatively slow resulting in different chemical shifts for each proton connected to C9. The 
multiplets itself are again split up in a smaller multiplet (ratio 1) slightly downfield of the 
bigger multiplet (ratio 2), which is caused by the phenyl ring connected at the meso-position. 
The CH2-group on the position directly trans of the meso-phenyl ring is slightly more 
deshielded, resulting in the downfield shift of these protons.
Figure 7. 1H NMR spectrum of porphyrin trimer 6 in CDCl3 with a few drops of DMSO-d6.
3.3 Aggregation behavior in solution
3.3.1 Solvent-dependent aggregation
Aggregation of molecules in solution is generally highly solvent dependent, and for that 
reason porphyrin trimer 3 was dissolved in three different solvents (chloroform, toluene and 
n-heptane) to examine the difference in behavior. It turned out that even at low 
concentrations (< 10-5 M) the trimer was difficult to dissolve in all three solvents, and elevated 
temperatures and sonication were required to achieve complete dissolution. In chloroform, 3 
became slightly protonated (less than 5% according to UV-vis spectroscopy) due to the 
heating cycles and the sonication, so potassium carbonate was added and the solution was 
filtered. UV-vis spectroscopy revealed that 3 is molecularly dissolved in chloroform, while in 
toluene shifts in the absorption bands indicated the formation of aggregates (Figure 8A): the 
Soret band is broadened and a blue-shifted peak has emerged. In n-heptane an even bigger
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change in the spectrum was observed. The Soret band of the non-aggregated species at 423 
nm has now completely disappeared and both a blue-shifted and a red-shifted absorption 
can be observed in its place (Figure 8A).
Figure 8. A: UV-vis spectra of porphyrin trimer 3 in chloroform (solid line, concentration 1.1 * 10' M), toluene (dashed line, 
concentration 1.4 * l0 -6 M) and n-heptane (dotted line, concentration 1.9 * 10-6 M); B: UV-vis spectra of 3 in n-heptane with
increasing amounts of acetone.
The changes in the UV-vis spectra can be the result of either inter- or intramolecular 
aggregation of the porphyrin moieties of the porphyrin trimer. Intramolecular aggregation, 
however, would result in a very strained conformation of the molecule and is therefore not 
very likely. The occurrence of intramolecular aggregation might be confirmed by studying the 
concentration dependence of the UV-vis spectra. Intramolecular aggregation is largely 
independent of the concentration, whereas intermolecular interaction is usually affected by 
concentration changes. With UV-vis spectroscopy, no change in aggregation behavior could
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be observed for 3 in n-heptane over a wide concentration range. Only aggregated (intra- or 
intermolecular) species were observed in even the most diluted solutions (< 10-8 M). In 
toluene, on the other hand, no aggregates were observed anymore in the UV-vis spectra at 
concentrations below 2.0 * 10-6 M. At higher concentrations, a deviation from Lambert-Beer’s 
law was observed and a blue-shifted and a red-shifted absorption started to appear 
indicating that the aggregation process in this solvent is intermolecular in origin. The above 
results show that there is a clear difference in aggregation behavior of 3 depending on the 
solvent. Either the driving force for the aggregation differs between the solvents, or the 
aggregation tendency is so strong in n-heptane that strong dilution is still not enough to break 
up the aggregates. Atomic Force Microscopy (AFM) on samples made from spincoating a 
solution of 3 in n-heptane (concentration: 4.1 * 10-7 M) revealed the presence of long 
(several microns) linear aggregates (see section 3.4 for more details), which confirms that 
also in n-heptane the aggregation is the result of intermolecular interactions.
Aggregation of the porphyrin trimers is the result of a combination of p-p stacking between 
the porphyrins and hydrogen bonding between the amide groups attached to the central 
benzene core. By adding a hydrogen bond acceptor to the solution the hydrogen bonds 
might be broken, resulting in the breaking up of the aggregates and a sharpening of the UV- 
vis spectra. To investigate this possibility, 2% dimethylsulfoxide (DMSO) was added to the 
toluene solution of 3 (concentration: 1.4 * 10-6 M), and this resulted in the disappearance of 
the blue-shifted absorption and sharpening of the Soret band in the UV-vis spectrum. This 
observation is a strong indication for the breaking up of the aggregates of 3. In the n-heptane 
solution of 3 (concentration: 1.9 x 10-6 M), similar spectral changes in the UV-vis spectrum 
were observed upon the addition of acetone (Figure 8B).
In contrast to the previously studied tetraphenyl-substituted porphyrin trimers,21 3 clearly 
aggregates in toluene solutions at micromolar concentrations, which indicates that the 
removal of the phenyl groups from the porphyrins results in stronger intermolecular 
interactions and thus the formation of aggregates at lower concentrations.
Similar behavior can be observed for porphyrin trimer 6, but, in addition to UV-vis 
spectroscopy, the aggregation behavior can now also be studied with CD spectroscopy 
(Figure 9A). In toluene 6 appears to aggregate somewhat stronger than 3, which is indicated 
by a lower absorption intensity (at similar concentrations of around 1.6 * 10-5 M) around 423 
nm for the former compound where the molecularly dissolved species absorbs. The 
aggregation of 6 in toluene also starts at concentrations almost twice as low as that of 3, 
namely at 1.2 * 10-6 M (Figure 9B). Apparently, the increased steric bulk of the chiral alkyl 
chains of 6 does not hamper the self-assembly, but it even appears to enhance it. In n- 
heptane the UV-vis spectra again did not show any sign of the monomeric species and the 
spectra of 3 and 6 only show minute differences.
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Figure 9. A: Normalized UV-vis and CD spectra of solutions of 3 (1.7 * 10" M dotted line (UV-vis) and long dashed line (CD)) 
and 6 (1.6 * 10-5 M solid line (UV-vis) and short dashed line (CD)) in toluene; B: UV-vis absorption intensity of solutions of 6 at 
397 (triangles) and 423 (squares) nm at different concentrations in toluene; C: CD intensity of solutions of 6 at 443 (triangles)
and 427 (squares) nm at different concentrations.
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CD measurements of the toluene solutions show that in the non-aggregated state 
(concentrations below 1.2 * 10"6 M) compound 6 has no CD-effect (Figure 9C), and that the 
observed CD-effect only emerges when aggregated species become present. It is expected 
that because of the chiral alkyl chains trimer 6 self-assembles into columnar helical stacks 
that are homochiral,16, 26 while the stacks of 3 probably exist as a mixture of left- and right­
handed helices. The CD-effect is caused by the chiral environment around the porphyrins in 
the columnar stacks and shows two Cotton effects, a strong signal centered around 436 nm 
and a much smaller signal centered around 396 nm. The effect at 396 nm clearly 
corresponds to the absorption of the blue-shifted peak observed in the UV-vis spectra. Due 
to the large absorption of the non-aggregated species at 420 nm the origin of the peak 
around 436 nm is less clear, although a weak shoulder can be observed at this wavelength. 
It is clear from the UV-bis spectra in n-heptane that a red-shifted peak for the aggregated 
species can be expected here. The sizes of the negative and positive peak of the Cotton 
effect are roughly the same size, which is a strong indication of the formation of a chiral 
helical stack.27
In an n-heptane solution of 6 a CD effect was also observed around 200 nm (Figure 10). This 
peak could not be observed in the toluene samples because of the high absorbance of the 
solvent at these wavelengths. This is the range where the amides are expected to absorb, 
and it indicates that these groups are also organized in a chiral conformation. The chirality is 
transferred from the periphery of the stacks to the core, which corroborates the selective 
formation of a homochiral helical stack in the case of 6.
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Figure 10. CD spectrum of 6 in n-heptane (A) and a more detailed overview of the CD region between 180 and 300 nm (B)
(concentration 1.6 * 10-5 M in both cases).
3.3.2 Aggregation mechanism
In the absorption spectra in toluene, both the aggregated and the non-aggregated species 
are visible, which complicates the determination of the amount of aggregated species. By 
studying the CD spectra it is easier to investigate the behavior of the aggregated species and 
probe the mechanism of the self-assembly process.
Van der Schoot et al. have developed28 a modification of the nucleation-growth model29 for 
the self-assembly in solution, called the nucleation-elongation model, which has already 
been applied successfully to several supramolecular assemblies.30, 31 The aggregation 
mechanism can be studied by measuring the temperature dependence of the self-assembly 
process. In general, this is done by heating up the solution until all the molecules are 
molecularly dissolved, followed by cooling at a controlled rate. The nucleation-elongation 
model describes the assembly of molecules in one-dimensional aggregates and 
distinguishes two different temperature regimes: the nucleation and the elongation regime. In 
the nucleation regime, most of the molecules in the system exist in an inactive, non-helical 
state, where several molecules have self-assembled into small linear aggregates, but no
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further order is present in the orientation of the molecules. When the temperature drops, 
activation occurs at the elongation temperature, and the growth of chiral aggregates starts to 
take place.
The details of fitting this model to experimental data have been described extensively by 
Smulders and coworkers,31 and we applied the same method to study the aggregation 
mechanism of 6. In the elongation regime the degree of aggregation, 0„, is given by:
0n = 0s^r 1 — exp RT?
■(t - t j
where 0W  is a parameter to ensure that 0n/0 w  does not exceed unity, he is the molecular 
enthalpy release as a result of non-covalent interactions during elongation, Teis the 
elongation temperature, R is the gas constant and T is the absolute temperature. 0 „ /0 w  is 
the fraction of aggregated molecules. In the nucleation regime (i.e. above the elongation 
temperature) the degree of aggregation is given by:
0n = 0s^r V ^exp (T -  Te) 'RT
■(T-Te)
where is the dimensionless equilibrium constant of the activation step at Te.
In order to apply this model to the aggregation of 6, this compound has to be molecularly 
dissolved at elevated temperatures. In n-heptane, no monomeric species of 6 were 
observed, even at elevated temperatures in very dilute solutions, so it is not possible to study 
the reassembly in this case. In toluene, on the other hand, no CD effect was observed at 
higher temperatures (> 70 oC), indicating a complete dissolution of the aggregates. For this 
reason, toluene is a suitable solvent to study the aggregation mechanism.
A solution of 6 in toluene (concentration: 1.8 * 10"5 M) was heated to 80 °C and then cooled 
to 10 °C, while the CD-effect was being measured continuously to investigate the self­
assembly of the molecules. Several different cooling rates were tried, and it appeared difficult 
to cool down in a reproducible way. When the cooling rate was too slow (e.g. 20-90 degrees 
per hour) the aggregates grew so long that they precipitated out of solution. When the 
cooling rate was too fast (e.g. 180 degrees per hour), the transfer of heat between the 
cooling element and the sample was not fast enough, resulting in a temperature gradient in 
the sample. The most reproducible data were obtained when cooling rates of 120-150 
degrees per hour were applied. These data were subsequently fitted to the abovementioned 
formulas. The fit to the elongation regime was very good (r2 = 0.99575), but the nucleation 
regime was more difficult to fit (r2 = 0.92122) due to the small number of data points (Figure 
11).
3
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Figure 11. Normalized CD-effect at 442 nm at variable temperatures, and the fitted curves according to the nucleation-
elongation model
From these results it can be concluded that the self-assembly of 6 can be modeled well by 
applying the nucleation-elongation model. It is then possible to determine the average 
number of molecules per aggregate by using a formula also derived by Smulders and 
coworkers:
where < Nn > is the number average degree of polymerization averaged over all active 
species. The average length of the stacks at the elongation temperature, <Nn(Te)> ,  is 
given by:
The numbers obtained from fitting the data indicate that at a concentration of 1.8 * 10-5 M the 
stacks contain on average about 25 molecules before elongation takes place, and on 
average 1230 molecules in every stack at 10 °C.
3.3.3 Amplification of chirality
Amplification of chirality was first observed in copolymers of chiral and achiral vinyl 
monomers, when unusually high optical activities were observed after polymer synthesis.32, 33 
Green and coworkers studied this phenomenon in detail using helical copolymers composed 
of chiral and achiral isocyanates, and they observed that upon the introduction of only a 
small fraction of chiral monomers the preference for one helicity along the polymer chain was 
greatly increased.34, 35 This amplification effect was named the "sergeant and soldiers” 
principle, and is proposed to be governed by a small difference in packing energy for a chiral 
monomer situated in a left- or right-handed polymer helix, while an achiral monomer has no 
preference.
Palmans et al. showed that this principle can also be valid for helical supramolecular 
polymers,36 and chiral amplification has since then been observed in a variety of
1
< Nn(Te) >=
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supramolecular complexes.37"39 Van Hameren and coworkers tried to study the chiral 
amplification for the chiral and achiral phenyl-substituted porphyrin trimers (Figure 12A). It 
was expected that the “sergeant and soldiers” principle would also be observed in the self­
assembled columnar stacks composed of these porphyrin trimers. However, when these 
components were mixed in n-hexane, no amplification of chirality was observed.21 This was 
attributed to a higher stability of the homomolecular stacks of the chiral and achiral trimers 
compared to the mixed stacks.
The side-chains of the trimers described in this chapter are less bulky compared to those 
described by van Hameren and coworkers. The absorption spectra of the chiral and the 
achiral phenyl-substituted porphyrin trimers differ significantly from one another (Figure 12B 
and C),21 while the spectra of 3 and 6 are virtually the same. Because of this it could be that 
heteromolecular stacks of 3 and 6 are more stable, in which case amplification of chirality 
might be observed.
R= —k  Wavelength (nm) Wavelength (nm)
Figure 12. Structure of the trimers of studied by van Hameren et al. (A) and UV spectra of the achiral (B) and chiral trimer (C) at
different concentrations in n-hexane.21
To determine this, 3 and 6 were dissolved in n-heptane (concentration 1.6 * 10-5 M) and 
mixed in different ratios. The CD effect of the mixtures was measured and plotted against the 
fraction of chiral trimer. A linear relationship was found between the fraction of 6 and the CD 
effect (Figure 13), indicating a lack of chiral amplification. Even after refluxing a 10:1 mixture 
of 3 and 6 overnight and leaving it to stand over several months, no amplification of chirality 
could be observed. So also in this case there appears to be no interaction between the chiral 
and achiral trimers. In contrast to the phenyl-substituted porphyrin trimers, 3 and 6 also 
aggregate in toluene at concentrations suitable for CD studies. Because the aggregation is 
clearly solvent dependent, the amplification of chirality was also studied in toluene.
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Figure 13. Magnitude of the CD-effect of mixtures of solutions of 3 and 6 in n-heptane (total trimer concentration approximately
1.6 x 10-5 M) at 444 (triangles) and 428 (squares) nm.
The aggregation behavior of the porphyrin trimers in toluene turned out to be completely 
different (Figure 14). The straight lines drawn in Figure 14 correspond to the expected CD 
behavior when no chiral amplification would be present. Clearly, the addition of a solution of 
6 to a solution of 3 results in much higher CD effects than in the case when n-heptane was 
the solvent, and a maximum in CD intensity is already reached when only 2.5% of chiral 
trimers is present. This indicates that 6 (the "sergeant”) is incorporated into stacks of 3 (the 
"soldiers”) and that the chirality is transferred to up to 40 achiral trimers.
■200
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Figure 14. Magnitude of the CD-effect of mixtures of solutions of 3 and 6 in toluene (total trimer concentration 1.7 x 10-5 M) at 
427 (squares) and 440 (triangles) nm plotted versus the fraction of 6 . The straight lines correspond to the expected CD
behavior when no chiral amplification would be present.
From these experiments it can be concluded that there is a remarkable difference in self­
assembly behavior of the porphyrin trimers depending on the use of toluene or n-heptane as 
a solvent. There can be two possible explanations for this difference in behavior. Either it is 
thermodynamically unfavorable to incorporate molecules of 6 into columnar stacks of 3 in n- 
heptane, or the aggregates of both 3 and 6 are not dynamic (enough) in n-heptane,
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preventing 3 and 6 to mix into the same stack. The validity of the first explanation can be 
determined by first assembling mixed aggregates of 3 and 6 and redesolving these in n- 
heptane. If the mixed aggregates are indeed unstable 3 and 6 will form separate aggregates 
again and no chiral amplification will be observed.
Mixed aggregates were obtained by dissolving 3 and 6 in the same solvent (both chloroform 
and toluene were tested separately, concentrations around 1.7 x 10-5 M) and mixing them in 
several different ratios. The samples were dried using a flow of nitrogen gas. At the initial 
concentrations the chloroform samples were not aggregated, but during the evaporation of 
the solvent a change in color from purple (molecularly dissolved porphyrin trimers) to light 
brown (aggregated porphyrin trimers) could be observed. The resulting solids were 
redissolved in an exact amount of n-heptane to obtain again the original concentrations and 
the solutions were investigated by UV-vis and CD spectroscopy.
Redesolving the aggregates in n-heptane, however, requires elevated temperatures and 
sonication, and it was therefore difficult to keep the concentrations constant between the 
samples. To be able to compare the samples the UV-spectra were normalized and the same 
factors were used to normalize the CD data. This results in a higher error in the 
measurements, but nonetheless the CD spectra recorded of the resulting n-heptane 
solutions clearly showed that there is not an energy miss-match penalty, but a relative inertia 
of the stacks preventing the mixing of the achiral and chiral trimers in n-heptane (Figure 15). 
The graphs indicate that the columnar stacks in n-heptane exhibit a "memory effect”, i.e. they 
resemble the structure of the stacks present in the initially prepared solutions in toluene or 
chloroform. The CD effects observed in the n-heptane samples containing stacks that were 
originally self-assembled in toluene solutions are almost exactly the same in both solvents 
(cf. Figure 15B with Figure 14B). When the stacks are first prepared in chloroform, the CD 
effects in n-heptane are less pronounced. This could be the result of the weaker aggregation 
of the trimers in chloroform compared to toluene and the obtained stacks after evaporation of 
the solvent might be smaller.
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Figure 15. Magnitude of the CD-effect of mixtures of solutions of 3 and 6 in n-heptane (total trimer concentration approximately 
1.6 x 10-5 M) at 444 (triangles) and 428 (squares) nm initially made from chloroform solutions (A) and from toluene solutions (B).
3.4 Aggregation at the liquid-solid interface
As was described in Chapter 2, a great deal of research has been done on the formation of 
well-defined porphyrin architectures on surfaces. Of particular interest to the research in this 
paragraph are the results obtained by van Hameren et al.21 Their previously reported 
porphyrin trimers have the remarkable ability to self-assemble into large domains of linear 
stripes when a diluted chloroform solution of the compound is dropcasted on a mica surface.
The experiments performed by van Hameren et al. showed that the experimental conditions 
under which aggregate formation takes place are very critical to obtain the desired patterns.21 
Concentration, solvent, the type of surface and the relative humidity RH) all played crucial 
roles in the formation of the line pattern and the patterns were only seen in a relatively small 
window of parameters (at 1-10 mM concentrations in chloroform drop-casted at RH < 20%) 
and only for the trisamido porphyrin trimers with aliphatic tails.
The aggregation behavior of the new porphyrin trimers 3 and 6 in solution clearly differs from 
that of the earlier reported trimers, and this difference might also affect the aggregation 
behavior at the liquid-solid interface.
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Nonetheless, the first experiments showed that the new trimers form very similar line 
patterns as the compounds studied by van Hameren. The dropcasting a chloroform solution 
of trimer 3 (concentration 5.2 * 10"6 M) on a freshly cleaved mica surface resulted, after the 
evaporation of the solvent, in the formation of regular line patterns between the contact 
pinning lines similar to those observed by van Hameren et al.16 (Figure 16). The lines were 
approximately 3 nm in height, which corresponds well to the expected thickness of a single 
stack, and they were 470 nm apart. This distance is slightly smaller than those observed for 
the meso-phenylporphyrin trimers reported by van Hameren et al. which range from 0.5 to 1 
mm.
Figure 16. AFM image of a solution of 3 in chloroform (5.2 * 10-6 M) dropcasted on a mica surface (20 * 18 mm)(A) and a cross­
section of the same surface along the white line (B).
When trimer 6 was deposited in a similar way again single stacks were observed between 
the contact pinning lines (Figure 17), however they were not organized in regular line 
patterns. The contact pinning Lines can be clearly observed, however, fractal patterns 
(Figure 17A) and patterns reminiscent of spinodal dewetting (Figure 17 B) appear to be 
formed between these lines. It could be that during the dewetting the increased tendency of 6 
to aggregate compared to 3 results in the case of 6 in the formation of slightly larger 
aggregates, which are not completely aligned because of the extra energy needed for the 
rearrangement of those aggregates.
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Figure 17. AFM images recorded after dropcasting and evaporating a chloroform solution of 6, showing contact pinning lines 
and random dewetting patterns (A: 50 * 50 mm and B: 50 * 49 mm). The bottom of the figure shows the profiles of the cross­
sections along the lines in the AFM images.
Also other solvents were used to investigate the behavior of 3 and 6 at the liquid-solid 
interface. Dropcasting and evaporating solutions of 3 and 6 in toluene on a mica surface 
generally resulted in the formation of networks of fibers in between the contact lines (Figure 
18A). The fibers were around 3 nm in height, again corresponding to the diameter expected 
for a single stack. The structures observed for the chiral and achiral trimers were very similar, 
however, in the case of 6 in one region the surface was covered with very condensed layers 
of porphyrins trimers (Figure 18B). The cross-section shows that the height of these layers 
corresponds to the expected height of a single molecule of 6 (± 3 nm), positioned ‘edge-on’ 
on the surface. This was not observed for 3 and seems to suggest a slightly stronger 
interaction between the fibers in the case of 6, however it could also be the result of having a 
slightly higher concentration. This type of monolayer has been observed before in the quite 
similar corrole trimers studied by van Hameren et al.40
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Figure 18. AFM images of a region of a mica surface after dropcasting and evaporating solutions of 3 (1.7 * 10'5 M, A) and 6 
(1.8 * 10-5 M, B) in toluene. The bottom of the figure shows the profiles of the cross-section along the lines in the AFM images.
When solutions of either 3 or 6 in n-heptane were dropcasted and evaporated on mica, the 
formation of networks was again observed, and also in this case 6 seemed to have stronger 
interactions between the stacks (Figure 19). In contrast to the networks observed for 3, which 
are only one or two columnar stacks high, the networks formed from 6 were up to 20 nm in 
height indicating that several columnar stacks formed bundles which subsequently generated 
the network. The network was also much more open in the case of 6, leaving more room 
between the fibers. This is probably the result of the increase in the thickness of the bundles: 
more stacks are used to form the bundles, leaving more room free in between them.
These results are in stark contrast with the results obtained for the chiral phenylporphyrin 
trimer studied by van Hameren. When a n-hexane solution of this compound was drop­
casted on mica (concentration 5.7 * 10-6 M) fibers consisting of single stacks of mainly 100­
325 nm in length were obtained distributed randomly over the surface and no network 
formation was observed.26 In our case we used higher concentrations for the preparation of 
the samples of 3 and 6 (around 3 times higher) which might explain the difference. In the 
case of the chiral phenylporphyrin trimer no interaction was observed between the fibers, 
even though the surface was densely packed with fibers. This could be the result of different 
interactions between the fibers and/or a different stiffness of the fibers in case of the 
phenylporphyrin trimers and trimers 3 and 6.41
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Figure 19. AFM images of a mica surface after dropcasting and evaporating solutions of 3 (1.7 * 10-5 M, A: 20 * 20 mm) and 6 
(1.6 * 10-5 M, B: 20 * 20 mm) in n-heptane. The bottom part of the figure shows the profiles of the cross-sections along the lines
in the AFM images.
When instead of dropcasting a solution sample is deposited by means of spincoating, the 
dissolved material is spread out very fast, which makes it possible to better determine what 
kind of aggregates are present in solution, with dewetting playing a less decisive role to 
determine the surface structure. When chloroform solutions of trimers 3 and 6 
(concentrations 1.2 * 10-5 M) were spincoated, no material was observed on the surface as 
judged by AFM. This result is consistent with the UV-vis data, which indicated that 3 and 6 
are molecularly dissolved at low concentrations. Similarly, spincoated toluene solutions of 3 
and 6 at low concentrations (< 1 * 10-6 M) did not result in the formation of any aggregates 
and only showed a mainly empty surface.
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Figure 20. AFM images of a mica surface after spincoating solutions of 3 (1.7 * 10-5 M, A: 20 * 20 mm) and 6 (1.8 * 10-5 M, B: 
20 * 20 mm) in toluene. The bottom part of the figure shows the profiles of the cross-sections along the lines in the AFM images.
When toluene solutions containing higher concentrations of 3 and 6 were spincoated, fiber­
like aggregates were observed for both compounds (Figure 20). In both cases the fibers 
were around 3 nm in diameter, which indicates that they consist of single molecule thick 
columnar stacks. There is, however, a remarkable difference between the aggregate sizes of 
these compounds. At the same concentrations 3 formed stacks of up to 100 nm in length, 
whereas 6 formed a large network of stacks all linked to each other. This observation is 
another indication that 6 has a stronger tendency to aggregate in toluene than its achiral 
counterpart 3.
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Figure 21. AFM images of a mica surface after spin-coating solutions of high (1.7 * 10'5 M, A: 20 * 20 mm) and low (4.3 * 10"7 
M, B: 20 * 20 mm) concentrations of 3 in n-heptane. The bottom part of the figure shows the profiles of the cross-sections along
the lines in the AFM images.
In the samples obtained by spincoating n-heptane solutions at high concentrations networks 
of long fibers were observed for both 3 and 6 (Figure 21A and Figure 22A). When the 
solutions were diluted 40-fold and spincoated, single fibers were visible (Figure 21B and 
Figure 22B) which were up to 2 mm long in the case of the achiral trimer and up to 4 mm long 
in the case of the chiral trimer. Again, the fibers of 3 had the thickness of one columnar 
stack, while the fibers of 6 mainly consisted of several stacks together.
The three solvents used in these studies all clearly had different effects in the deposition of 
the porphyrin trimers. The studies on the solution aggregation already showed that the 
aggregation is strongest in n-heptane and weakest in chloroform. The behavior at the liquid 
solid interface can be partly explained by this effect. In chloroform solution the trimers are still 
molecularly dissolved or only present as small aggregates, therefore they can be more easily 
moved over the surface in the dewetting phase and rearrange in linear patterns. In n- 
heptane, on the other hand, the aggregates are so stable that they behave like rigid 
polymers.
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Figure 22. AFM images of a mica surface after spin-coating solutions of high (1.6 * 10"5 M, A: 20 * 20 mm) and low (4.1 * 10"7 
M, B: 20 * 20 mm) concentrations of 6 in n-heptane. The bottom part of the figure shows the profiles of the cross-sections along
the lines in the AFM images.
3.5 Aggregation behavior of zinc porphyrin trimers
As was shown in the previous paragraphs, the solvent has a very big influence on the 
aggregation behavior of the porphyrin trimers. It is also possible to insert a metal into the 
center of the porphyrin and to use metal-ligand interactions to manipulate the aggregation 
behavior.
Most divalent transition metal cations can be inserted into the porphyrin. Zinc is a good 
candidate for such an insertion, because zinc porphyrins are stable under ambient conditions 
and are not catalytically active. The insertion of zinc into a porphyrin is relatively easy, and in 
general the resulting zinc porphyrin will bind only one axial ligand, such as pyridine or 
methanol.
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3 or 6 b: R = (S)-2,6-dimethylheptyl
Figure 23. Synthesis of zinc porphyrin trimers. A: Zn(OAc)2.2H2O, CHCl3:MeOH 3:1, rt 2 h, yield of 7a: 84%, yield of 7b: 96%.
The insertion of zinc into porphyrin trimer 3 and 6 was performed in a mixture of chloroform 
and methanol. Upon the addition of zinc acetate to the solution the mixture directly changed 
color from purple to bluish green. The mixture was stirred for a prolonged period of time to 
ensure complete complexation of the metal by the porphyrin. The zinc ion is easily removed 
by small amounts of acid, so care has to be taken during work-up. Mass spectroscopy 
showed that the complete conversion had taken place and no free base porphyrin was left. 
Zinc trimers 7a and 7b were obtained pure after purification by column chromatography. The 
aggregation behavior of the metallated porphyrin trimers was roughly the same as that of the 
non-metallated trimers. In n-heptane the trimers were always completely aggregated, while in 
toluene the aggregation started around 2 *  10-6 M and in chloroform the critical aggregation 
concentration (CAC) was again much higher (around 1 * 10-3 M).
To study the effect of binding axial ligands to the stacks of metallated porphyrin trimers, 
chiral bisamines were mixed with a solution of 7a in toluene above the critical aggregation 
concentration. The achiral zinc trimers are then already aggregated, but no preference for 
helicity is present. If any chirality is observed it will be because of the interaction between the 
porphyrins and the ligands, which was studied with the help of CD spectroscopy. The used 
bisamines are probably too bulky to fit inside a normal stack, but they may influence a part of 
the stack (e.g. the ends) similar to the “sergeant and soldiers” experiments.
First, S-1,2-diaminopropane was tested in combination with 7a. No CD effect could be 
observed in the mixtures of 7a (concentration: 6.2 * 10-6) with increasing amounts of 
diamine (up to 20 equivalents of diamine per porphyrin), so probably the methyl group was 
not big enough to induce chirality into the aggregates. UV-vis spectroscopy showed that the 
amines bind to the porphyrin and gradually break up the aggregates at higher concentrations 
of the amine (above 5 equivalents of diamine per porphyrin).
The lack of steric bulk of the amine could be the cause of the absence of transfer of chirality. 
Therefore, a more bulky chiral bisamine ((1S,2S)-1,2-diphenylethane-1,2-diamine (SSdpa))
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was chosen and the experiment was repeated. The addition of SSdpa to a solution of 7a in 
toluene (9.9 * 10-6 M, which is above the CAC) did result in the formation of chiral 
aggregates. Up to 0.5 mol of SSdpa per mol of 7a, was needed before a CD effect could be 
observed. The maximum CD effect was observed after the addition of 1 mol of SSdpa per 
mol of 7a, and the addition of more SSdpa resulted in a decrease again (Figure 24).
At higher concentrations of SSdpa (above 5 mol of SSdpa per mol of 7a) the aggregates are 
broken up and only a small CD effect is left, which is probably caused by the proximity of the 
chiral ligand to the porphyrin plane and this effect stays constant up to 100 mol of SSdpa per 
mol of 7a. Compared to the results of the "sergeant and soldiers” experiments, the effect of 
the binding of chiral axial ligands is relatively small as far as induced CD-intensity is 
concerned. The bisamine is probably too bulky to bind two metal centers inside a stack, 
which might result in binding of the ligands only to the ends of the stacks.
Figure 24. CD spectra of 7a in toluene (9.9 * 10 M) to which increasing amounts of SSdpa were added (A) and the 
dependence of the CD effect on the amount of SSdpa added (B).
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Also the effect of adding a non-chiral bidentate ligand, 1,4-diazabicyclo[2.2.2]octane 
(DABCO), to stacks of the chiral zinc porphyrin trimer 7b (1.4 * 10-5 M in toluene) was 
investigated. Again toluene was chosen as the solvent, because aggregates are already 
present at 10-5 M concentrations and the aggregates are still in equilibrium with molecularly 
dissolved trimers. This makes it easier to show the influence of the ligand on the aggregation 
behavior. When a small amount of DABCO was added (0.25 mol per mol of 7b) the CD effect 
appeared to be reduced (Figure 25A). The addition of more DABCO showed, however, that 
this reduction is the result of a combination of the couplet around 426 nm arising from pure 
7b with the emergence of a large negative CD-effect at 420-430 nm induced by the addition 
of the ligand. This negative CD-effect is maximized at a DABCO addition of around 0.5 mol 
of DABCO per mol of 7b. The addition of even more DABCO resulted in a decrease in the 
intensity of the CD effects, but the features were retained. After the addition of 1 mol of 
DABCO per mol of 7b the CD effect remained virtually the same up to the addition of 5 mol 
of DABCO per mol of 7b. In this experiment the aggregates of porphyrin trimers do not seem 
to be broken up after the addition of up to 5 mol DABCO per mol of 7b, and the addition of 
DABCO clearly results in a change in the CD spectrum. Also the UV-vis spectra indicated 
that there were still aggregates left (Figure 25B). The absorptions have shifted, but there are 
still two peaks, at 404 and 428 nm. Unfortunately, the exact conformation of the aggregates 
cannot be easily derived from the CD and UV-vis data and the relation between the 
concentration of DABCO and change in the spectra is not straightforward (Figure 25C).
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Figure 25. CD spectra (A) and UV-vis spectra (B) of 7b in toluene (1.4 * 10' M) in the presence of increasing amounts of 
DABCO and the change of the absorption versus the amount of DABCO (C).
3.6 Conclusions
In this chapter the synthesis of the new ‘flat’ porphyrin trimers, 3 and 6, has been reported. 
They were designed to self-assemble in columnar stacks in which the intermolecular 
interactions between the trimers should be stronger than in the stacks of meso-phenyl- 
substituted porphyrin trimers described by van Hameren et al. If successful, these stronger 
interactions were expected to result in an increased tendency of the trimers to self-assemble
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in solution and in an improvement of the quality of line patterns composed of these trimers on 
a surface. Solution studies showed that the ‘flat’ trimers indeed exhibit a higher tendency to 
aggregate than the meso-phenyl-substituted ones. This is most obvious in toluene where the 
‘flat‘ trimers clearly show the onset of aggregation around 1 *10-6 M, while no aggregation 
was observed in UV-vis studies for the meso-phenyl-substituted ones. This stronger 
aggregation in solution still allowed the formation of well-defined line patterns on a surface in 
the case of 3 and shows that the pattern formation observed by van Hameren et al. is not 
limited to the phenyl porphyrin trimers.
A clear solvent dependence was observed for the aggregation behavior of the ‘flat’ porphyrin 
trimers. In chloroform they only start to aggregate at relatively high concentrations (> 10-4 M), 
which inhibits the study of the aggregation behavior with UV-vis or CD spectroscopy. In n- 
heptane, on the other hand, the porphyrin aggregates appeared to be kinetically trapped in 
their self-assembled state. Even when solutions of porphyrin aggregates were stored at 
elevated temperatures for several hours or at room temperature for several months, no 
exchange of chiral and achiral porphyrin trimers between the columnar stacks could be 
observed in the "Sergeant and Soldiers” experiments. When solutions of these stacks were 
dried in on a surface, AFM measurements showed the presence of fibers of up to 4 mm long, 
which means that in n-heptane very stable supramolecular polymers are formed that contain 
thousands of monomers per polymer.
In toluene the porphyrin trimer aggregates are in thermodynamic equilibrium with the 
monomeric species, which made this solvent an ideal medium to probe the self-assembly 
behavior with UV-vis and CD. The self-assembly process could be fitted to a nucleation- 
elongation model, and "Sergeant and Soldiers” experiments showed that within a columnar 
stack one molecule of the chiral trimer 6 is able to transfer its chiral information to at least 40 
molecules of 3.
By making use of the three different solvents it is possible to observe the porphyrin trimer 
molecules in all their states of aggregation. Monomers are observed in chloroform, polymers 
in n-heptane, and in toluene the two are in dynamic equilibrium with each other. The trimers 
can be easily modified by the insertion of transition metals into the porphyrins The insertion 
of zinc(II) was successful and it was possible to influence the aggregation behavior of the 
porphyrin stacks by the complexation of bidentate axial ligands.
3.7 Experimental
3.4.1 General experimental:
All solvents and other chemicals were commercial products and used as received unless 
stated otherwise. Column chromatography was performed using ACROS silica gel (40-60 
^m), BioRad BioBeads SX-1 were used for size-exclusion chromatography. 1H-NMR and 
13C-NMR spectra were recorded on Bruker DPX 200 (200 MHz) or Varian Unity Inova 400 
(400 MHz) instruments. Chemical shifts are given in ppm with respect to tetramethylsilane 
(TMS) as internal standard. Infrared spectra were recorded on a ThermoMattson IR300 
spectrometer equipped with a Harrick ATR unit and the compounds were measured as a 
solid or as an oil. MALDI-TOF measurements were conducted on a Bruker Biflex III, with 
dithranol as the matrix. UV-Visible spectra were recorded on a Varian Cary 50 spectrometer 
and AFM images were recorded on a Multimode IV microscope controlled with a Nanoscope
III controller (Digital Instruments, Santa Barbara CA) operating in tapping mode in air at room 
temperature with a resolution of 512 * 512 pixels using moderate scan rates (1-2 lines/sec.). 
Commercial tapping-mode tips (NSG10, NT-MDT) were used with a typical resonance
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frequency around 300 kHz. CD spectra were recorded on a Jasco 810 instrument equipped 
with a Peltier temperature control unit. Elemental analyses were carried out on a Carlo Erba 
1180 instrument.
3.4.2 Sample preparation for UV-vis and CD spectroscopy
To dissolve the porphyrin trimers several cycles of heating and sonication were necessary. 
For the Sergeants-and-Soldiers experiments in toluene, all samples were heated to 70 
and cooled to rt over the course of 1 h. For the n-heptane experiments the toluene or 
chloroform solvent was evaporated with a nitrogen flow and n-heptane was added and the 
samples were sonicated for up to 1 h to redissolve the trimers. Due to the difficulties in 
redissolving the samples the CD data were normalized using the absorption at 394 nm. 
Unless otherwise indicated the samples were measured at 298 K. No LD effects were 
observed for any of the samples. The data were fitted using OriginPro (version 8.0 by 
OriginLab Cooperation).
3.4.3 Synthesis
(S)-Dihydrocitronellal was synthesized according to a literature procedure.42
5.10.15-Tris-meso-n-octyl-20-meso-(4-nitrophenyl)porphyrin 1
Following a procedure by Lindsey et al. 0.38 g (2.5 mmol) of 4-nitrobenzaldehyde, 1.29 ml 
(1.6 g, 7.5 mmol) of n-nonylaldehyde and 0.7 ml (0.67 g, 10 mmol) of pyrrole were dissolved 
in 1 l of CH2Cl2. Under rigorous stirring 0.77 ml (1.18g, 10 mmol) of TFA was added and the 
resulting solution colored yellow immediately. After 1.5 h the solution was completely black 
and 1.7 g (7.5 mmol) of DDQ was added and the mixture was allowed to stir for 1 h. Then 1.4 
ml (1 . 0  g, 1 0  mmol) of triethylamine was added and the solvent was removed under reduced 
pressure. The resulting porphyrin mixture was purified and separated using column 
chromatography (silica, eluent: CHCl3) giving 0.17 g (0.22 mmol, 9%) of a deep purple solid. 
1H NMR (400MHz, CDCl3) 5 9.53 (d, 2H, CH ¿-pyrrole, J=4.8Hz), 9.50 (d, 2H, CH ¿-pyrrole, 
J=4.8Hz), 9.40 (d, 2H, CH ¿-pyrrole, J=4.8Hz), 8 . 6 6  (d, 2H, CH ¿-pyrrole, J=4.8Hz), 8.60 (d, 
2H, CH ortho-Ph-NO2, J=8 . 8  Hz), 8.32 (d, 2H, CH meta-Ph-NO2, J=8 .8 Hz), 4.95 (m, 6 H, 
CH2), 2.51 (m, 6 H, CH2), 1.78 (m, 6 H, CH2), 1.52 (m, 6 H, CH2), 1.31 (m, 18H, CH2), 0.88 (m, 
9H, CH3), -2.6 (s, 2H, NH);13C NMR (50MHz CDCl3) 5 150, 148, 135, 128 (broad), 122, 121, 
120, 115, 39, 36, 32, 31, 30, 29, 23, 14; IR (cm-1): 2923, 1515, 1342; UV-vis (CHCl3) l/nm 
(log(e/M-1cm-1): 419.5 (5.4), 521.5 (4.1), 558 (3.9), 600.5 (3.6), 655.5 (3.7); MALDI-TOF m/z: 
768 (M)+.
5.10.15-Tris-meso-n-octyl-20-meso-(4-aminophenyl) porphyrin 2
After bubbling HCl through 150 ml of Et2O for 15 min, 96 mg (0.12 mmol) of 1 and 0.27 g (1.2 
mmol) of SnCl2.2H2O were added and the resulting green mixture was stirred for 2 days. 
Then 100 ml of 3 M aqueous NaOH solution was added and the organic layer was washed 
with a sat. aqueous NaHCO3 solution (3 * 50 ml) and brine (3 * 50 ml) and dried over 
MgSO4. After evaporation of the solvent the product was purified by column chromatography 
(silica, eluent: toluene) giving 81 mg (0.11 mmol, 91%) of a purple solid. 1H NMR (200MHz, 
CDCl3) 5 9.45 (m, 4H, CH ¿-pyrrole), 9.35 (d, 2H, CH ¿-pyrrole, J=4.9Hz), 8 . 8 8  (d, 2H, CH ¿- 
pyrrole, J=4.9Hz), 7.92 (d, 2H, CH meta-Ph-NH2, J=6 . 6  Hz), 7.02 (d, 2H, CH orto-Ph-NH2, 
J=6 .6 Hz), 4.94 (m, 6 H, CH2), 3.97 (s, 2H, NH2), 2.52 (m, 6 H, CH2), 1.79 (m, 6 H, CH2), 1.50 
(m, 6 H, CH2), 1.30 (m, 18H, CH2), 0.89 (m, 9H, CH3), -2.6 (s, 2H, NH); 13C NMR (50MHz, 
CDCl3) 5 145.9, 135.4, 132.9, 130 (broad), 118.9, 118.7, 113.4, 38.8, 35.5, 32.0, 30.7, 29.7,
29.4, 22.7; MALDI-TOF m/z: 737 (M)+.
Porphyrin trimer 3
A solution of 268 mg (0.36 mmol) of 2 and a few drops of pyridine in 25 ml of CH2Cl2 was 
cooled to 0 and 24 mg (0.090 mmol) of benzene-1, 3,5-tricarbonyl trichloride was added.
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The reaction mixture was stirred and left to warm up to rt. After 2 h the volume of the slightly 
green/purple solution was reduced under vacuum and the product was purified by column 
chromatography (silica, eluent: 1% MeOH and 1% Et3N in CHCl3). After two size exclusion 
columns (eluent: toluene) the compound was dissolved in CHCl3 and precipitated in MeOH to 
yield 143 mg (0.060 mmol, 67%) of 3 as a purple solid. 1H NMR (400MHz, Toluene-d8  
DMSO-d6 ) 5 11.50 (s, 3H, NH-amide), 9.70 (s, 3H, CH-benzene core), 9.45 (d, 6 H, CH ¿- 
pyrrole, J=4.6 Hz), 9.33 (d, 6 H, CH ¿-pyrrole, J=4.6 Hz), 9.0 (m, 18H, C^-pyrrole + CH- 
ortho-NH), 8.33 (d, 6 H, CH-meta-NH), 4.93 (m, 6 H, CH2), 4.52 (br, 12H, CH2), 2.58 (m, 6 H, 
CH2), 2.25 (m, 12H, CH2), 1.8 (m, 6 H, CH2), 1.48 (m, 30H, CH2), 1.3 (m, 54H, CH2), 0.85 (t, 
27H, CH3, J=7.1Hz), -2.22 (s, 6 H, NH); MALDI-TOF m/z: 2369 (M)+.
5.10.15-Tris-meso-((S)-2,6-dimethylheptyl)-20-meso-(4-nitrophenyl) porphyrin 4
This compound was synthesized from (S)-dihydrocitronellal as described for 1 . The resulting 
porphyrin mixture was purified and separated by column chromatography (eluent: n- 
heptane:CHCl3 1:1) giving 0.8 g (0.99 mmol, 16%) of a deep purple solid. 1H NMR (400MHz, 
CDCl3) 5 9.53 (d, 2H, CH ¿-pyrrole, 4.8Hz), 9.50 (d, 2H, CH ¿-pyrrole, 4.8Hz), 9.40 (d, 2H, 
CH ¿-pyrrole, J=4.8Hz), 8.67 (d, 2H, CH ¿-pyrrole, J=4.8Hz), 8.60 (d, 2H, CH ortho-Ph-NO2, 
J=8.4 Hz), 8.33 (d, 2H, CH meta-Ph-NO2, J=8.4Hz), 5.0 (m, 3H, CH2), 4.7 (m, 3H, CH2), 2.60 
(m, 3H, CH), 1.61 (m, 12H, CH2), 1.42 (m, 3H, CH), 1.14 (m, 6 H, CH2), 1.02 (t, 9H, CH3, 
J=6 .8 Hz) , 0.84 (m, 18H, CH3), -2.6 (s, 2H, NH); FT-IR: 2952, 2923, 2866, 1519, 1344 cm'1; 
13C NMR (50MHz CDCl3) 5 150, 148, 135, 129 (broad), 121, 119, 118, 115, 42.8, 42.4, 41.9,
39.4, 38.4, 29.9, 28.1, 25.4, 22.9, 22.7, 20.4; MALDI-TOF m/z: 810 (M)+.
5.10.15-Tris-meso-((S)-2,6-dimethylheptyl)-20-meso-(4-aminophenyl) porphyrin 5
This compound was synthesized from 0.75 g (0.93 mmol) of 4 as described for 2, but by 
reducing the reaction time to 1 day, resulting in 470 mg (0.60 mmol, 65%) of a purple solid. 
1H NMR (200MHz, CDCh) 5 9.47 (m, 4H, CH ¿-pyrrole), 9.35 (d, 2H, CH ¿-pyrrole, J=4.9Hz), 
8 . 8 8  (d, 2H, CH ¿-pyrrole, J=4.9Hz), 7.93 (d, 2H, CH meta-Ph-NH2, J= 8  Hz), 7.03 (d, 2H, 
CH orto-Ph-NH2, J=8 Hz), 5.04 (m, 3H, CH2), 4.72 (m, 3H, CH2), 3.99 (s, 2H, NH2), 2.60 (m, 
3H, CH), 1.5 (m, 15H, CH2 and CH), 1.14 (m, 6 H, CH2), 1.01 (m, 18H, CH3), 0.89 (m, 9H, 
CH3), -2.6 (s, 2H, NH); 13C NMR (50MHz CDCl3) 5 145.9, 135.5, 133.0, 128 (broad), 118.7,
117.7, 113.4, 42.6, 42.3, 41.8, 41.7, 39.4, 38.3, 31.0, 28.1, 25.3, 22.8, 22.6, 20.4; MALDI- 
TOF m/z: 780.
Chiral porphyrin trimer 6
This compound was synthesized from 0.46 g (0.590 mmol) of 5 as described for 3. After size 
exclusion chromatography the product was dissolved in CHCl3 acidified with concentrated 
HCl (1 ml of concentrated aqueous HCl mixed with 200 ml of CHCl3) and the protonated 
product was precipitated in n-heptane. The green solid was filtered off and redissolved in 
CHCl3. The solution was added to MeOH with 3 % Et3N and the product precipitated out as a 
purple solid. This cycle was repeated 5 times resulting in 24 mg of 6  (9.6 mmol, 49%) as a 
purple solid. 1H NMR (400MHz, CDCh + DMSO-d6 ) 5 10.2 (s, 3H, NH-amide), 9.53 (m, 12H, 
CH ¿-pyrrole), 9.40 (d, 6 H, CH ¿-pyrrole, J=4.6Hz), 9.23 (s, 3H, CH-central benzene), 8.94 
(d, 6 H, CH ¿-pyrrole, J=4.6Hz), 8.36 (d, 6 H, CH-ortho-NH, J=7.3Hz), 8.27 (d, 6 H, CH-meta- 
NH, J=7.3Hz), 5.0 (m, 9H, CH2), 4.7 (m, 9H, CH2), 2.58 (m, 9H, CH), 1.6(m, 45H, alkyl), 1.2 
(m, 18H, alkyl), 1.0 (m, 27H, CH3), 0.8 (m, 54H, CH3), -2.63 (s, 6 H, NH); 13C NMR (50MHz 
CDCl3) 5 165.3, 138.9, 138.3, 135.0 (broad), 118.8, 118.3, 118.0, 117.6, 42.2, 41.8, 41.7,
41.3, 40.9, 40.5, 40.1, 39.7, 39.3, 38.8, 38.2, 29.7, 28.0, 25.3, 22.7, 22.6, 20.3; Elemental 
analysis: calc for C168H219N15O3.6 H2O: C 77.47, H 8.94, N 8.07 found: C 77.15, H 8.81, N 
7.85; MALDI-TOF m/z: 2495 (M)+.
Zinc porphyrin trimer 7a
A solution of 7.7 mg (0.003 mmol) of 3 in 5 ml of CHCl3 and 1 ml of MeOH was mixed with a 
solution of 25 mg (0.11 mmol) of Zn(OAc)2.2H2O in 4 ml of MeOH. Another 10 ml of CHCl3
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was added and the mixture turned from purple to green/blue. The mixture was left for 2 h. 
MeOH was added and the bluish solid was filtered off. After a silica column (eluent: 10% 
MeOH in CHCl3) 7.0 mg (0.0027 mmol, 84%) of product was isolated as a purple solid.
1H NMR (400MHz, CDCfe DMSO-d6 ) 5 10.53 (s, 3H, NH-amide), 9.57 (s, 12H, CH-pyrrole), 
9.47 (d, 6 H, CH-pyrrole, J=4.6 Hz), 9.26 (s, 3H, CH-benzene core), 8.97 (d, 6 H, CH-pyrrole, 
J=4.6Hz), 8.36 (d, 6 H, CH-ortho-NH, J=8.2Hz), 8.26 (d, 6 H, CH-meta-NH, J=8.2Hz), 5.13 (br, 
9H, CH2), 4.76 (br, 9H, CH2), 1.6 (m, 54H, CH2), 1.18 (m, 36H, CH2), 1.03 (m, 18H, CH2),
0.86.(m, 27H, CH3); MALDI-TOF m/z: 2554 (M)+.
Zinc porphyrin trimer 7b
A solution of 58 mg (0.023 mmol) of 6  in 50 ml of CHCl3 with a few ml of MeOH was added to 
a solution of 200 mg (0.9 mmol) of Zn(OAc)2.2H2O in 10 ml of MeOH. After stirring for 2 h 
MeOH was added and the product was filtered off. After a short silica column (eluent: 10% 
MeOH in CHCl3) 60 mg (0.022 mmol, 96%) of product was isolated as a purple solid. 1H NMR 
(400MHz, CDCl3 DMSO-d6 ) 5 9.58 (s, 3H, NH-amide), 9.57 (s, 12H, CH-pyrrole), 9.48 (d, 6 H, 
CH-pyrrole, J=4.1 Hz), 9.12 (s, 3H, CH-benzene core), 8.98 (d, 6 H, CH-pyrrole, J=4.4Hz),
8.26 (m, 12H, CH-phenyl), 5.11 (br, 9H, CH2), 4.74 (br, 9H, CH2), 2.66 (br, 9H, CH), 1.5 (m, 
45H, alkyl), 1.2 (m, 18H, alkyl), 1.01 (m, 27H, CH3), 0.83 (m, 54H, CH3); MALDI-TOF m/z: 
2681 (M)+.
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Chapter 4 
Phthalocyanine Trimers
Well-ordered phthalocyanine structures can exhibit very interesting photophysical and 
electronic properties. This chapter describes the synthesis and characterization of several 
phthalocyanine trimers connected to the same trisamidobenzene core as used in the 
porphyrin trimers described in the previous chapter. The extended p-surface of these trimers 
led to strong aggregation of these compounds, and as a result their purification was very 
difficult. Two relatively pure trimers could be obtained after functionalizing them with either 
tert-butyl or n-decyl substituents. In chloroform solution both trimers formed H-aggregates, 
even at very low concentrations. Surface studies showed the formation of globular and linear 
aggregates of these trimers, but presumably due to the strong intermolecular interactions, 
reorganization of the molecules at the liquid-solid interface was limited and no well-defined 
architectures of macroscopic size were formed.
Chapter 4
4.1 Introduction
Phthalocyanine (Pc, Figure 1) was first synthesized in 1907 by Braun and Tscherniak as an 
insoluble bluish byproduct in the preparation of cyanobenzamide from phthalimide and acetic 
anhydride.1 At first, the only application that was considered for the Pcs was their use as a 
dye. Scottish Dyes Ltd. synthesized FePc, NiPc and CuPc and explored their potential as 
colorants starting in 1928.2 The lack of solubility (the most suitable solvent was sulfuric acid) 
made the study of these molecules very difficult.
Figure 1. Structure of unsubstituted phthalocyanine. The symbol M can be a wide variety of divalent metals or two monovalent 
ions, the most common being two protons, which turns the structure into the so-called free base Pc; a  and b indicate the
common positions where substitution can take place.
In the last decades the interest in Pcs has increased tremendously.3-6 The synthesis of 
substituted Pcs, where one or more protons on each of the benzene rings are substituted, 
resulted in much more soluble compounds.7 This better processability led to the discovery of 
a huge range of possible applications for this class of functional materials, such as their use 
as sensitizers for photodynamic therapy,8 gas sensors,9, 10 organic transistors,11 optical 
limiters12, 13 and as photoactive layer in photovoltaic devices.14
Because of their large p-surface, Pcs have a high tendency to aggregate. The electronic 
intermolecular interactions in the aggregates alter the physical and chemical properties of the 
Pc when compared to the unaggregated state.15 Therefore, it is necessary to ensure control 
of the aggregation state of the Pc, in order to obtain the desired properties. A change in the 
physical environment of a Pc molecule, such as the nature of the solvent,16 the complexation 
of axial ligands,17, 18 the pH,19-21 or the presence of surfactants in aqueous solutions22, 23 can 
have a large effect on the aggregation behavior of the dye. However these approaches all 
depend on the properties of the Pc itself. By designing and synthesizing Pcs with different 
metal cores and peripheral substituents, their aggregation behavior can often be tuned in a 
controlled fashion. The most apparent modification that can be made to a Pc is in its metal 
core. Already when unsubstituted Pcs were studied it became clear that the metal core has a 
large influence on the aggregation behavior of the dye. While most of the metallated Pcs are 
completely insoluble, MgPc and Li2Pc are slightly soluble in organic solvents.24 There have 
not been many studies on the effect of the central metal in substituted Pcs. Because the 
aggregation behavior depends on both the substitution pattern and the nature of the solvent, 
the results are not easily compared. It is difficult to conclude that one metal is a stronger 
promoter of aggregation than another. The most studied metals in Pcs in organic media are 
zinc and copper. In some studies zinc is the strongest promoter for aggregation,25, 26 
whereas, in other studies it is copper.27, 28 Metals can therefore be used to tune the 
aggregation strength, but more control can be gained by using the right substitution pattern 
at the periphery of the Pc.
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Dominguez and coworkers have controlled the aggregation of a Pc by completely blocking 
one of its faces, thereby limiting the self-assembly to the formation of dimers.29 This was 
achieved by joining four chains connected to the periphery of the Pc to one central junction, 
resulting in a large steric bulk on one side of the Pc (Figure 2A).
Figure 2. A: Schematic structure of a capped Pc;29 B: An example of a dendrimer-substituted Pc;30 Structure of an octa-a-
substituted Pcs described by Cook et a/.;31, 32 An example of a crown-ether-substituted Pc.33
Control over aggregation can also be governed by the size of the substituents. Steric 
crowding34 of the phthalocyanine can limit its aggregation and result in the formation of well- 
defined aggregated species. In the most extreme case the substituents are so large that no 
aggregation can take place at all. Dendrimer-functionalized phthalocyanines are a clear 
example of this approach (Figure 2B).30, 35-38 In most solvents the aggregation of these 
molecules is completely absent; although in very polar solvents some aggregation can still be 
observed.39, 40 Pcs with other really bulky groups have also been studied and show similar 
aggregation behavior.41-48
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Snow has performed in-depth studies on the dimerisation of a wide variety of Pcs.15 He 
studied the effect of increasing the size of the substituent of tetrakis-b-substituted Pcs. 
Methoxy, octadecoxy, phenoxy and 2,2-dimethylpropyloxy substituted Pcs all had similar 
dimerisation constants, only when the size of the substituent was increased to 3,5-di-te/t- 
butylphenoxy, a drop of an order of magnitude in the dimerisation constant was observed.49
The position of the substituents on the Pc ring has also been shown to be very important. By 
placing a large group on the a-position, the aggregation of the Pc is reduced by a factor of up 
to 50 compared to the placement of the same group on the b-position.50, 51 In general, 
substitution on the a-position reduces the tendency of Pcs to aggregate. The reason for this 
behavior is probably a distortion of the Pc ring from planarity.52, 53
Also the type of substituent is important. Cook and coworkers have studied the aggregation 
properties of Pcs substituted on the a-positions with eight alkoxy,54 alkyl55 and 
methylenealkoxy31 chains (Figure 2C). They showed that the alkoxymethylene-functionalized 
Pcs aggregated most strongly and the alkoxy-functionalized Pcs the least.32 This effect is 
probably caused by the difference in electronic properties of the different substituents.
Further control over the aggregation of Pcs can be obtained by using functional substituents. 
Crown-ether-functionalized Pcs (CEPcs) are a good example of this approach (Figure 2D). 
CEPcs were first developed in 1986, independently by the groups of Bekaroglu,56 
Kobayashi57 and Nolte.58 In addition to the p-p interactions between the Pcs, their 
aggregation behavior can be further influenced by the crown ethers, by adding or removing 
ions like potassium. Engelkamp and coworkers have shown that the addition of potassium 
ions to CEPcs can even change the chirality of self-assembled Pc fibers at a mesoscopic 
level.33
Other functionalities have also been introduced in the Pc substituents, such as hydrogen 
bonding motifs. In a simple approach, alkyl chains were attached via amide bonds to the Pc 
moiety. Upon stacking of the Pcs, hydrogen bonds between these amide functions increased 
the interaction between the side chains in adjacent molecules, resulting in a more eclipsed 
conformation of the Pcs in the stack.26 Rai et a/. introduced a chiral center in the alkyl chain 
close to the amide group, and were able to obtain left-handed or right-handed helical 
aggregates depending on the chirality of the side-chains.59 Kimura et a/. reported the 
synthesis of diol-functionalized Pcs,28 and showed that the hydrogen bonding between two of 
these diol motifs results in the selective formation of Pc dimers in solution. In the solid state, 
these dimers organize themselves into helical aggregates (Figure 3A).60
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Figure 3. A: Supramolecular Pc dimers60; B: Pc tetramers6
The aggregation of Pcs can also be influenced by linking two or more Pc moieties together. 
To prevent any intramolecular interactions, rigid linkers are often used.62 Dodsworth and
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coworkers have investigated the intramolecular association of several Pc dimers with flexible 
linkers.63 It was shown that intramolecular association is not favored when the Pcs are 
separated by just a butyl group. However, when the linker was changed to -  
OCH2C(Me)(Et)CH2O - the Pcs were forced into a cofacial arrangement. There were no 
indications of changes in the intermolecular association going from the monomer to the 
dimer. In another example, Nevin et al. investigated the aggregation behavior of 
phthalocyanine dimers and tetramers (Figure 3B) and observed an increase in the 
intermolecular association constant upon going from the dimer to the tetramer. The 
intermolecular dimerization constant of the tetramer was up to two orders of magnitude larger 
than that of the monomer or dimer.61
De la Escosura et al. showed that a Pc dimer consisting of an electron rich ZnPc and an 
electron poor NiPc forms supramolecular aggregates driven by donor-acceptor interactions.64 
The dimerisation constant in chloroform of the Pc dimer is one order of magnitude lower than 
that of the dimerisation of the separate Pcs. However, when samples prepared from hot n- 
butanol solutions were studied, the dimer was shown to form aggregates with a size up to 
several hundreds of nanometers in concentrated solutions in chloroform, which was not 
observed with the separate monomeric Pcs.
In Chapter 3 the synthesis of a new porphyrin trimer based on benzene trisamide was 
discussed. Depending on the solvent it showed interesting aggregation behavior in solution, 
and at a solid-liquid interface it self-assembled into linear line patterns, which, however, still 
contained defects. It was reasoned that stronger p-p stacking interactions between the trimer 
molecules would reduce the number of defects and patterns of higher quality would be 
formed. For this reason it was decided to replace the porphyrins of the trimer by 
phthalocyanines, which are known to exhibit stronger intermolecular p-p stacking. In this 
chapter, the synthesis of Pc trimers based on the benzenetrisamide core and their 
aggregation behavior in solution and at the liquid-solid interface is described. Upon 
dropcasting a dilute solution on a surface the Pc trimers might exhibit the same self­
assembly behavior into line patterns as the porphyrin trimers. Because of the highly 
interesting photophysical and electronic properties of the Pc moiety, it is the aim to use such 
line patterns in photovoltaics, molecular electronics devices, and other applications.
4.2 Synthesis
4.2.1 Nitro-substituted phthalocyanine
For the formation of a Pc trimer, an amino-functionalized Pc precursor is needed. Ozan et 
al.65 reported a short route to an amino-functionalized Pc via the reduction of a nitro- 
functionalized Pc. A cyclization of a mixture of 4,5-bisoctyloxyphthalonitrile and 4- 
nitrophthalonitrile in the presence of zinc acetate in N,N-dimethylformamide (DMF) should 
result in the formation of the desired nitro-functionalized ZnPc 1 (Figure 4). Mass 
spectrometry, however, showed that the nitrophenyl group had reacted with the solvent, 
which resulted in the substitution of the nitro group by a dimethylamine moiety.
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Figure 4. Attempted synthesis of nitro-functionalized Pc 1. A: Zn(OAc)2.2H2O, DMF, 170 °C 6h.
4.2.2 Bis-acid-substituted phthalocyanine
Another approach was inspired by Kobayashi and coworkers, who devised a route to create 
a fully symmetrical tetra-substituted Pc.66, 67 First they synthesized an octacarboxylic acid Pc 
starting from 1,2,4,5-tetracyanobenzene,68 which was subsequently ringclosed to form an 
anhydride, which was then reacted with an amine to yield the tetra-substituted Pc (Figure 5).
Figure 5. Synthesis of symmetrically substituted Pcs.
Following the same route, it should in principle be possible to synthesize a 
monofunctionalized Pc by a mixed condensation of 4,5-bisoctyloxyphthalonitrile and 
tetracyanobenzene. A Pc was synthesized by reacting both phthalonitriles in 1-propanol with 
lithium. According to mass spectrometry, the desired bis-cyanoPc appeared to have been 
partially attacked by 1-propanol and trace amounts of water, resulting in a mixture of 
compounds containing the desired product and several addition products with an additional 
mass of water or propanol. The Pc core is very stable so the addition probably occurs on the 
cyanogroups. Because in the next step the cyanogroups are supposed to get completely 
hydrolyzed, the crude reaction mixture was not purified further. It was exposed to aqueous 
sodium hydroxide in triethylene glycol, resulting in the formation of bis-acidPc 2a (Figure 6) 
and no addition products could be observed anymore. Acid 2a could be precipitated from the 
reaction mixture by the addition of acetone, although a small amount of octa(octyloxy)Pc
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could not be removed. The bis-acid was subsequently reacted with acetylchloride to form 
anhydride 3a and seperated from the reaction mixture by the addition of acetone which 
resulted in the precipitation of the product.
RO OR RO OR
a: R - CgH17 2 3
b: R= C12H25
Figure 6. Synthesis of Pc anhydride 3. A: 1) Li, 1-propanol, reflux 20 min; 2) KOH, triethyleneglycol, H2O, yield 2a: 4.3%, 2b: 
yield not determined (nd); B: acetyl chloride, benzene, reflux 2h, yield 2a: 69%, 2b: 40%.
A reaction of 3a with 1,3-diaminopropane resulted in a poorly soluble product. Therefore it 
was decided to react 3a with ferf-butyl 3-aminopropylcarbamate, which yielded a much more 
soluble compound. The ferf-butoxycarbonyl (Boc) protecting group was removed using 
trifluoroacetic acid (TFA) in dichloromethane and the desired amine-functionalized Pc 4a 
could be isolated (Figure 7). This compound was again poorly soluble in organic solvents 
and attempts to form Pc trimer 5a by a reaction of 4a with benzene-1,3,5-tricarbonyl 
trichloride in dimethylsulfoxide (DMSO):toluene 1:1 (v/v), using pyridine and triethylamine69 
as a base, did not result in any product formation. Only the starting materials were obtained, 
which is probably due to the lack of solubility of the Pc. Several solvents and solvent 
mixtures (such as: chloroform, dichloromethane, tetrahydrofuran (THF), methanol, acetone 
and mixtures of these solvents) were tested, but Pc 4a could not be dissolved properly and 
no reaction was observed even at elevated temperatures.
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RO OR
Figure 7. Synthesis of Pc trimer 5. A: 1) ferf-butyl-3-aminopropylcarbamate, DMF, 90 °C, 12 h; 2) TFA, CH2CI2, rt, 10 h, a: 13%, 
b: 50%; B: benzene-1,3,5-tricarbonyl trichloride, pyridine, Et3N, CH2CI2, rt, 30 min.
To increase the solubility of the Pc it was decided to extend its alkyl substituents to dodecyl 
chains. The same reactions were performed as described for the synthesis of 4a, eventually 
resulting in the formation of 4b. During this synthesis route, all the Pc compounds were 
significantly more soluble than the Pcs in the synthesis of 4a, which simplified the purification 
procedures significantly. However, all the attempts to separate the mono-functionalized Pc 
from the octa(dodecyloxy)Pc side product were unsuccessful. It was hoped that this side 
product could eventually be separated by size exclusion chromatography (SEC), so it was 
decided to continue with the mixture.
Compound 4b was reacted with benzene-1,3,5-tricarbonyl trichloride in the presence of base 
in dichloromethane to form trimer 5b. After the reaction, analysis of the reaction mixture by 
mass spectrometry showed the formation of the desired product. Unfortunately, even after 
several silica and SEC columns the product could not be separated from unreacted starting 
material and the octa(dodecyloxy)Pc. Apparently the p-p interactions between the trimer and 
octa(dodecyloxy)Pc are strong enough to cause aggregation, which results in co-elution of 
the two compounds. A zinc(II) ion was inserted into the core of Pc 4b in order to investigate 
whether the addition of axially coordinating ligands might break up the aggregation and aid in 
the purification process. After the insertion of zinc the solubility of the compound decreased, 
which can be explained by the formation of aggregates due to the coordination of the amine 
group to the metal core. Unfortunately, the addition of pyridine did not break up these 
aggregates and tailing was observed during column chromatography even with the addition 
of pyridine, which made further purification impossible.
The main problem of this approach is the high tendency of the alkoxy-functionalized Pcs to 
aggregate, which greatly hampers the purification steps and leads to insoluble products. The 
analysis of the products using NMR techniques only resulted in broad peaks, leaving mass 
spectroscopy as the only viable analysis to determine the formation of the product, which
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makes it difficult to judge the amount of impurities. For these reasons, alternative routes 
towards better processible Pcs were designed.
4.2.3 Propylphthalimido-substituted phthalocyanine
By synthesizing a phthalonitrile with a protected amine, it was reasoned that an amino- 
functionalized Pc should be obtained more easily. The formation of the phthalocyanines 
requires quite harsh conditions (160 in the presence of base), and therefore a robust 
amine-protecting group is required. The phthalimido group was chosen, because it should be 
stable under these circumstances and it is easily removed by reacting it with hydrazine.70
o
6
Figure 8. Synthesis of 4-(3-phthalimidopropyloxy)phthalonitrile. A: DMF, 70 °C 6h, 57%; B: 4-nitrophthalonitrile, K2CO3, MeCN,
reflux 16h, 26%.
In order to give the Pc moiety some degrees of freedom after its eventual coupling to a 
central core, it was chosen to place a propyl spacer between the phthalonitrile and the 
protected amine. First 3-bromo-1-propanol was reacted with potassium phthalimide to form 
the alcohol with a protected amine. This alcohol was then reacted with 4-nitrophthalonitrile to 
form the desired phthalonitrile 6 (Figure 8). During this reaction a lot of side products were 
formed that could not be identified, so only a low yield was obtained.
a: R -  C gHi7
b: R= C 10H2i 7 8 9
C! R= C 12H25
d: R= (S)-3,7-dimethyloctyl
Figure 9. Synthesis of dialkylphthalonitriles. A: 1) Mg, Et2O, slow addition and reflux 30 min; 2) 1,2-dichlorobenzene, 
dichloro[1,3-bis(diphenylphosphino)propane]nickel(II), Et2O, reflux 16 h; 3) aqueous 2N HCl, a: 46%, b: 39%, c: nd, d: 36%; B: 
Br2, Fe powder, I2 C ^ C h , rt, 16 h, a: 82%, b: 88%, c: 95%, d: 80%; C: CuCN, pyridine, DMF, reflux 6 h, a: 29%, b: 20%, c: 8%,
d: 30%.
McKeown et al. have shown that changing the solubilizing group from alkoxy chains to 
simple alkyl chains results in a reduction of crystallinity of the Pc, probably due to the extra 
steric bulk of the CH2-group compared to an ether oxygen atom close to the Pc ring.71 
Therefore, it was decided to change the solubilizing substituents into alkyl chains, which 
were directly coupled to the Pc via a C-C bond. Starting from octyl bromide, a Grignard 
reagent was made, which was added to 1,2-dichlorobenzene in the presence of dichloro[1,3- 
bis(diphenylphosphino)propane]nickel(II) (Figure 9).72 The resulting dioctylbenzene 7a was 
reacted with bromine to yield 8a. Dibromide 8a appeared to be difficult to purify by column 
chromatography due to the small difference in polarity between C-Br and C-H; therefore it 
was decided to continue with a mixture of products, containing a trace of starting material
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and mono-, bis- and trisbrominated 7 according to 1H NMR. The mixture was reacted with 
copper(I) cyanide under Rosemund-von Braun conditions to give 9a, which could be purified 
by column chromatography.73
There are several literature procedures available which describe the synthesis of metal-free 
Pcs. In order to find the optimal conditions for the reaction between 6 and 9a, three different 
reaction conditions were tested: (i) lithium in 1-propanol, (ii) N,N-dimethylaminoethanol 
(DMAE), and (iii) 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in 1-pentanol. The reaction with 
lithium resulted in a very poor yield (less than 10%), but the other two methods both gave 
satisfactory amounts of product (more than 20%). Because DMAE has a tendency to 
degrade over time it was decided to use DBU in 1-pentanol for the synthesis of the desired 
Pc.
R R
R 11
Figure 10.Synthesis of phthalocyanine trimer 11. A: DBU, 1-pentanol, reflux 1-16 h, a: 24%, c: 13% (with ZnOAc.2H2O added), 
d: 10%; B: 1) hydrazine hydrate, THF, reflux 2 h; 2) benzene-1,3,5-tricarbonyl trichloride, pyridine, Et3N, CH2Ch, rt 16 h, reflux
60 min.
In order to minimize the formation of undesired Pcs, i.e. those with more than one protected 
amine, one part of 6 was reacted with approximately five parts of 9a (Figure 10). The 
deprotection of Pc 10a with hydrazine hydrate proceeded smoothly in almost quantitative 
yield. The resulting amino-functionalized Pc was then reacted with benzene-1,3,5-tricarbonyl 
trichloride in dichloromethane in the presence of pyridine and triethylamine. After 16 hours no 
reaction was apparent and the Pc appeared to be precipitated out of solution. Therefore it 
was decided to increase the temperature of the reaction and after one hour of refluxing the 
MALDI-TOF mass spectrum showed the formation of trimer 11a. On both silica and SEC 
columns the product precipitated out of solution in the middle of the column and it could only 
be recovered by heating the column. This undesired procedure did not result in the desired 
successful purification of trimer 11a.
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It is clear that in the case of trimer 11a solubility is a problem, so it was decided to increase 
the length of the alkyl chains to 12 carbon atoms. The synthesis of 9c was carried out 
analogous to the route described for 9a (Figure 10). Because of the higher boiling point, 7c 
could not be purified by distillation and column chromatography was needed. The highly 
apolar nature of the product and some side products hampered the purification. It was 
decided to continue with the impure mixture and the introduction of the cyano groups 
resulted in compounds that were easier to separate. The bromination reaction was 
performed without any problems, but the formation of phthalonitrile 9c gave only a yield of 
8%. Probably unknown side products hampered the cyanation reaction. Because of the small 
amount of material available it was decided to use zinc(II) as a template during the 
subsequent Pc synthesis, which in general increases the yield of this reaction. The formation 
of ZnPc 10c was successful, but the amount of resultant material was so small that the 
follow-up reaction to the trimer was not feasible.
In a subsequent synthesis route, two new phthalonitriles (9b and 9d) were synthesized, 
which were expected to be obtainable in higher yields and of which the corresponding 
phthalocyanine should be relatively soluble. Both phthalonitriles were functionalized with 
alkyl chains based on 10 carbon atoms. A simple 4,5-bisdecylphthalonitrile was synthesized 
and a branched, chiral 4,5-bis((S)-3,7-dimethyloctyl)phthalonitrile. Both compounds were 
synthesized analogous to the ones described above (Figure 9). Each of the phthalonitriles 9b 
and 9d contained two side products with very similar polarity. Several silica columns with two 
different eluents (n-heptane/toluene and n-heptane/ethyl acetate) were necessary to fully 
remove these impurities, which turned out to be the result of a lack of selectivity in the 
bromination reaction. Apart from the desired 1,2-dicyano-4,5-bisalkylbenzene, 1,2-dicyano-
3,4-bisalkylbenzene and 1,2,3-tricyano-4,5-bisalkylbenzene could be isolated in both cases.
In a test reaction on a small scale, Pc10d was synthesized by reacting 6 with 9d in 1- 
pentanol and DBU as a base. The desired compound could be isolated and appeared to be 
very well soluble in chlorinated solvents. After deprotection with hydrazine, however, the free 
amine was a lot less soluble and during the extraction step surfactant-like behavior was 
observed. Petrov et al. have shown a strong interaction of alkyl amines with the internal Pc 
protons, which in this case apparently results in a reduced solubility.74 By substituting the 
propyl spacer by a phenyl group, the aliphatic amine turns into an aniline derivative, which 
has weaker and more dynamic interactions with the internal Pc protons74 and the solubility is 
thus expected to improve.
4.2.4 Phenylphthalimido-substituted phthalocyanine
To obtain the desired phthalonitrile, 4-aminophenol was first reacted with phthalic anhydride, 
which opens the anhydride, and subsequently the imide was formed by refluxing under 
Dean-Stark conditions (Figure 11). The resulting 4-phthalimido-1-phenol was then reacted 
with 4-nitrophthalonitrile in the presence of calcium carbonate to form the desired Pc- 
precursor 12. In contrast to the formation of compound 6 (see Figure 8) no side products 
were observed. Probably as a result of the increased nucleophilicity of the phenolate 
compared to the aliphatic alcohol the deprotonation occurred more smoothly.
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Figure 11. Synthesis of 4-(3-phthalimidophenoxy)phthalonitrile. A: 1) Et3N, EtOH, rt, 4 h; 2) Toluene, Dean-Stark conditions 4h;
3) H2O, reflux 30 min, 83%; B: 4-nitrophthalonitrile, K2CO3, DMF, rt 16 h, 86%.
Because of all the solubility problems encountered earlier, it was decided to first use 4-tert- 
butylphthalonitrile as a Pc precursor in combination with phthalonitrile 12. A disadvantage of 
using 4-tert-butylphthalonitrile is the possibility that eight different regioisomers will be formed 
during Pc synthesis, and this could complicate its purification. On the other hand, because of 
the steric bulk of the tert-butyl groups, the resulting Pc is expected to have a lower tendency 
to aggregate into stacks, which will hopefully lead to a more soluble and better processable 
compound.
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Figure 12. Synthesis of Pc trimer 15. A: DBU, 1-pentanol, reflux 16 h, b: 24%, Cu, b: 32% (with CuCl2.2H2O added), d: 9%, Cu, 
d 18% (with CuCl2.2H2O added), e: 22%; B: hydrazine hydrate, THF, reflux 1.5 h, b: 63%, Cu, b: 72%, d: 72%, Cu, d: 89%, e: 
67%; C: benzene-1,3,5-tricarbonyl trichloride, pyridine, CH2Cl2, 0 °C 2 h, rt 16 h.
The phthalimido-protected amino-functionalized Pc 13e was synthesized by a reaction of the 
commercially available 4-ieri-butylphthalonitrile and 12 (Figure 12). The deprotection was 
again performed in THF with hydrazine hydrate. As expected, the amino-functionalized Pc 
14e was much more soluble than all its previously described analogues. To synthesize Pc­
trimer 15e, 14e was reacted with benzene-1,3,5-tricarbonyl trichloride in dichloromethane in 
the presence of pyridine. The product of this reaction was found to aggregate, resulting in 
difficulties with its purification. It was purified by column chromatography over silica and by 
several size exclusion columns, after which MALDI-TOf indicated that still some low
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molecular weight impurities were present (Figure 13). The main impurities appeared to be 
unreacted 14e and a dimer of which the third acid chloride of the core had hydrolyzed. 
Attempts were undertaken to remove the dimer from this mixture on a column with basic 
alumina as the stationary phase, but all Pc-fractions eluted in the same elution volume. An 
extra complication that can be envisaged in the purification process is the large amount of 
possible regioisomers in the compounds.
Figure 13. MALDI-TOFmass spectrum of the product of the synthesis of free base Pc trimer H215e.
To circumvent the problem of regioisomer formation, bisdecylphthalonitrile 9b was used as 
one of the starting compounds for the Pc synthesis. Free base Pc H213b was synthesized 
using DBU in 1-pentanol. Because of the small difference in polarity between H2Pc 13b and 
the octadecyl-functionalized Pc side product, they could not be easily separated. However, 
after deprotection of the amino group with hydrazine hydrate the desired amino- 
functionalized Pc H214b could be separated and isolated. The product precipitated during 
purification on the column, which made it necessary to heat the column to redissolve the 
compound. Compound H214b was only soluble in certain organic solvents at elevated 
temperatures. Therefore the synthesis of Pc trimer H215b was carried out in refluxing 
toluene, with pyridine as a base. The product of this reaction was soluble enough to purify by 
column chromatography on silica, however, during the subsequent size-exclusion column 
chromatography the product started to precipitate out of solution when it became more pure. 
Attempts to recover the material were unsuccessful.
Because the insertion of a metal in a Pc can influence its aggregation behavior, it was 
decided to investigate the effect of having a copper as the central metal. Copper was chosen 
because it has been shown that it is one of the better metals to use for photovoltaic 
applications.75, 76 An added benefit is that the copper can act as a templating metal during the 
synthesis of the Pc, which usually results in better yields. A similar synthesis route was used 
as described above for the synthesis of H214b, the only exception being the addition of 
copper(II) chloride during the Pc synthesis. After deprotection of the amine, CuPc Cu14b
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was still insoluble at room temperature, but upon heating it readily dissolved at much lower 
temperatures (above 45 °C) than its free base counterpart. After the synthesis of the trimeric 
Cu15b the purification was hampered by its solubility and a lot of material was lost during the 
purifications by column chromatography However, now it was possible to isolate several 
fractions which according to MALDI-TOF contained only a relatively small amount of dimer 
impurity (Figure 14).
Figure 14. MALDI-TOF mass spectrum of purified CuPc trimer Cu15b.
It was hoped that the use of branched alkyl chains would increase the solubility further, 
resulting in a Pc trimer that would be easier to purify. For this reason, (S)-3,7-dimethyloctyl 
groups were used as side chains instead of the decyl chains. Compound 9d was reacted 
with compound 12, both in the presence and in the absence of a copper salt, resulting in the 
formation of H213d and Cu13d (Figure 12). Deprotection of the amine group was again 
performed in THF with hydrazine hydrate. The resulting amino-functionalized H214d and 
Cu14d appeared to be significantly more soluble than all previously described amino- 
functionalized Pcs.
The subsequent reaction with benzene-1,3,5-tricarbonyl trichloride could be performed at 
room temperature, and MALDI-TOF clearly indicated the presence of both the free base 
trimer H215d and the copper trimer Cu15d in the reaction mixtures. The solubility of these 
compounds appeared to be significantly improved and purification by column and size 
exclusion chromatography was now possible to a certain extent. Unfortunately, the 
aggregation of Pc-containing compounds was apparently still quite strong, because MALDI- 
TOF analysis showed that several side products, such as the Pc dimer and several different 
unidentified monomeric Pcs co-eluted on the SEC. The addition of 2% of pyridine to the 
eluent reduced the aggregation, probably by breaking up the hydrogen bonds. This improved 
the purification procedure, but again a small amount of Pc dimer could not be removed and
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the total amount of obtained material became so low that no further purification or analysis 
was feasible.
4.2.5 Ether-linked phthalocyanine trimer
In the case of the amide-linked phthalocyanine trimers the combination of intermolecular 
hydrogen bonding and p-p stacking interactions gives rise to very strong aggregation of the 
molecules, which causes a very troublesome purification. For this reason, a Pc trimer was 
designed in which the amide linkers were replaced with ether linkers, thereby removing the 
hydrogen bonding abilities of the molecules. As the first step in the synthesis, a hydroxy- 
functionalized phthalonitrile was synthesized in one step from hydroquinone and 4- 
nitrophthalonitrile (Figure 15).
Figure 15. Synthesis of hydroxyl- functionalized phthalonitrile 16. A: K2CO3, DMF, rt, 20 h, 73%.
In the previous cases only the te/f-butyl and the (S)-3,7-dimethyloctyl substituents yielded 
Pcs that were nicely soluble, so these Pc side chains were used in the synthesis of two 
ether-linked Pc trimers. Both Pc 17d and Pc 17e were synthesized using DBU in 1-pentanol 
(Figure 16). The hydroxy-functionalized Pcs were subsequently reacted with 1,3,5- 
tris(bromomethyl)benzene in DMF, using potassium carbonate as a base. Mass 
spectrometry of the reaction mixture showed the formation of the desired trimers.
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Figure 16. Synthesis of Pctrimer 18. A: DBU, 1-pentanol, reflux 17 h, d: 9%, e: 11%; B: 1,3,5-tris(bromomethyl)benzene,
K2CO3, DMF, reflux 18 h.
As expected, the solubility of the trimers appeared to have improved, which made purification 
more straightforward. The yield of 18d was too low and a lot of starting material 17d was 
recovered in addition to 1,3,5-tris(bromomethyl)benzene which had reacted with only one or 
two hydroxy Pcs. The desired compound could not be obtained in pure form after column 
chromatography over silica and SEC. In the case of Pc trimer 18e, again the trimer and a 
dimer side-product co-eluted from the column. Insertion of zinc into the Pc moieties and 
purification of the zinc trimer by column chromatography yielded the zinc analogue of Pc 
trimer 19e with no other Pc fractions visible in the mass spectrum (Figure 17). Unfortunately, 
not enough product was recovered to perform further analysis, but the mass spectrum 
indicates a much improved purification in comparison to the previously synthesized trimers.
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Figure 17. MALDI-TOF mass spectrum of purified ZnPc trimer 19e.
4.3 Aggregation behavior
In the previous section the synthesis of several different Pc trimers has been described. 
Unfortunately, it has not been possible to purify any of them completely, however, after 
multiple silica and size exclusion columns several fractions of free base Pc trimer 15e (Figure 
13) and CuPc trimer Cu15b (Figure 14) appeared to contain a relatively small amount of 
impurities and were still available in a large enough quantity to study their aggregation 
behavior in solution and on a surface. It has been shown that, even though the relation 
between signal intensity in MALDI-TOF and the composition of the sample can be relatively 
weak, it can still give an indication of the relative abundance of the different molecules 
present in the sample.77, 78 In order to evaluate the properties of the Pc trimers it was decided 
to study free base Pc trimer 15e and CuPc trimer Cu15b, even though there purity was not 
up to the desired level.
4.3.1 Aggregation in solution
In the previous chapter it has been shown that the aggregation of porphyrin-based trimers 
was highly solvent-dependent, so also in the case of the Pc-based trimers chloroform, 
toluene and n-heptane were used as solvents in which the aggregation behavior was 
studied. For both the trimers Cu15b and 15e, the solubility in n-heptane was too low to allow 
UV-vis absorption studies. In toluene their solubility was already much higher (up to around 
10"7 M), but they only dissolved in sufficiently high concentrations (up to 10"3 M) in chloroform. 
In all cases the free base Pc trimer 15e was better soluble than CuPc trimer Cu15b.
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Figure 18. A: UV-vis spectra of solutions of tetrakis(ferf-butyl)-functionalized free base Pc (solid line, 2.7 * 10 M) and the free
base Pc trimer 15e (dotted line, 4.1 * 10-5 M) in chloroform; B: UV-vis absorption of solutions of 15e at 625 nm at different 
concentrations in chloroform.
The UV-vis absorption spectrum of the free base Pc trimer 15e in chloroform clearly showed 
that the compound is aggregated in solution (dotted line in Figure 18A). When the spectrum 
is compared with the spectrum of a simple tetrakis(tert-butyl)-functionalized free base Pc 
(solid line in Figure 18A), the trimer exhibits a blue-shifted absorption and the absorptions 
are significantly broadened. The aggregation of chromophores is known to result in shifts in 
the absorption spectra, because of the interaction between the transition dipoles of the 
neighboring chromophores. It has been shown that a blue-shift in the absorption is caused by 
a face-to-face stacking of the chromophores (H-aggregates), while a red-shift is caused by a 
more tail-to-tail arrangement in the aggregates (J-aggregates).58, 79-81
To determine the stability of the aggregates of the trimers, the absorption was measured at 
different concentrations (Figure 18B). Even down to a concentration of 3.2 * 10-7 M Lambert­
Beer behavior is observed, which indicates that the aggregates are stable at very low 
concentrations. Also the addition of pyridine did not appear to break up the aggregates.
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Figure 19. A: UV-vis spectra of solutions of octadecyl-functionalized CuPc (solid line, 2.7 * 10-5 M) and CuPc trimer Cu15b 
(dotted line, 2.9 * 10-5 M) in chloroform; B: UV-vis absorption of solutions of Cu15b at 684 nm at different concentrations in
chloroform.
Also in the case of the CuPc trimer Cu15b the UV-vis spectrum in chloroform showed a 
strong broadening of the absorptions and blue-shifts compared to the spectrum of octadecyl- 
functionalized CuPc (Figure 19A), again indicating the presence of face-to-face aggregates. 
Also here the absorption spectra exhibited Lambert-Beer behavior down to a concentration of
2.2 * 10-7 M.
4.3.2 Aggregation at the liquid solid interface
To study the aggregation behavior further, solutions of the free base Pc trimer 15e or CuPc 
trimer Cu15b were spin-coated or dropcasted on a freshly cleaved mica surface.
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Figure 20. AFM images of surface structures obtained after dropcasting (A)(5 * 5 mm) and spincoating (B)(2 * 2 mm) chloroform 
solutions of the free base Pc trimer 15e (2.7 * 10'6 M) on a freshly cleaved mica surface, the lower part of the figure shows the 
cross-sections along the white line in the corresponding AFM image.
AFM images of free base trimer 15e dropcasted or spincoated from a chloroform solution 
showed the presence of aggregates (Figure 20). However, instead of the expected linear 
structures, only globular aggregates were observed around 20-50 nm in height. When the 
solution was diluted (1.3* 10-7 M) and spin-coated again, the same globular aggregates were 
visible, indicating that these aggregates are present in solution. Probably the association 
between the trimers is reduced due to the steric bulk of the te/f-butyl groups, preventing the 
formation of long stacks. The size of the aggregates suggests that the assembly is not 
predominantly one-dimensional as observed for the porphyrins trimers. Because of the size 
of the aggregates rearrangement on the surface during dewetting is hampered and pattern 
formation is not observed.
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Figure 21. AFM images of surface structures obtained after dropcasting a saturated n-heptane solution of CuPc trimer Cu15b 
on a freshly cleaved mica surface (A: 10 * 10 mm; B: 10 * 9.3 mm), the lower part of the figure shows the cross-sections along
the white line in the corresponding AFM image.
The aggregation behavior of CuPc trimer Cu15b was first studied by dropcasting a saturated 
solution (around 10-6 M) of the compound in n-heptane on a mica surface. In the AFM 
images the majority of the surface was covered with aggregates of 50 to 250 nm in length 
and a height of around 5 nm (Figure 21A). The height corresponds to the diameter of the Pc 
trimer Cu15b, which suggests that aggregates consist of single stacks of Cu15b. On several 
spots all over the surface much larger aggregates were observed with a height up to 100 nm 
(Figure 21B). It appears that these larger aggregates are the result of the poor solubility in 
this solvent.
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Figure 22. AFM images of surface structures obtained after dropcasting a toluene solution of CuPc trimer Cu15b (2.4 * 10 "5 M) 
on a freshly cleaved mica surface (A: 2 * 2 mm; B: 10 * 10 mm), the lower part of the figure shows the cross-sections along the
white line in the corresponding AFM image.
When a dilute solution of CuPc trimer Cu15b in toluene was dropcasted on mica, again a lot 
of single chains could be observed on the surface (Figure 22A), but also here larger 
aggregates were present (Figure 22B). The larger aggregates were, however, smaller than 
those observed for the samples prepared in n-heptane as the solvent. In this case, they were 
around 20 nm in height and they were clearly less densely packed, because the mica surface 
was visible inside the network.
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Figure 23. AFM images of surface structures obtained after spin-coating chloroform solutions of CuPc trimer Cu15b on a freshly 
cleaved mica surface (A: 2.9 * 10-5 M, 2 * 2 mm; B: 2.9 * 10-6 M, 5 * 5 mm), the lower part of the figure shows the cross-sections
along the white line in the corresponding AFM image.
When a solution of Cu15b in chloroform was spin-coated on a mica surface, single chains of 
about one micron long were observed and 5 nm in height (Figure 23A). When the sample 
was diluted 10 times, the length of the chains reduced significantly and much shorter fibers 
and small globular aggregates with a height of 3 nm were observed (Figure 23B). This height 
is not high enough to be caused by a Pc trimer perpendicular to the surface, so they were 
probably caused by short aggregates of Pc trimers deposited face-on on the surface.
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Figure 24. AFM images of surface structures obtained after dropcasting chloroform solutions of CuPc trimer Cu15b on a freshly 
cleaved mica surface (A: 2.9 * 10'5 M, 10 * 9.5 mm; B: 2.9 * 10'6 M, 5 * 5 mm), the lower part of the figure shows the cross­
sections along the white line in the corresponding AFM image.
Since in the previous chapter the linear line patters of the porphyrin trimers were obtained by 
dropcasting dilute solutions of these compounds in chloroform on mica, it was particularly 
interesting to investigate what the aggregation behavior of the Pc trimer would be. An AFM 
image of the structures obtained after dropcasting and evaporation of the solvent of a sample 
with a relatively high concentration (2.9 x 10-5 M) of Cu Pc trimer Cu15b showed the 
formation of a large network of intertwined stacks (Figure 24A). Diluting the solution 10-fold 
and repeating the procedure mainly showed the formation of short stacks (Figure 24B). 
Clearly the Cu15b trimer shows a higher tendency to form long one-dimensional stacks than 
Pc trimer 15e. This is probably the result of the difference in steric bulk of the solubilizing 
groups. The decyl groups of Cu15b are less sterically demanding than the tert-butyl groups 
of 15e. The central metal might also play a role; however, it is difficult to determine the exact 
role of either of these effects separately with the molecules studied in this section.
4.4 Conclusions
In this chapter the synthesis and properties of several different Pc trimers was described. 
Inspired by earlier work with the porphyrin trimers, a variety of amino-functionalized Pcs were 
synthesized and subsequently connected via amide bonds to a central benzene core. Mass 
spectrum analysis showed that, as long as the amino Pc is soluble in the solvent of the 
coupling reaction, the Pc trimers are formed. The solubility of the amine Pc is highly 
dependent on the peripheral groups of the Pc, either steric bulk (i.e. tert-butyl groups) or long 
aliphatic groups (longer than 8 carbons) were necessary to obtain soluble amino Pcs.
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The purification of the resulting trimers proved to be very difficult due to their strong 
aggregation, also during column chromatography. By attaching the Pcs to the benzene core 
via ether instead of amide linkages the purification was somewhat easier. The solubility 
problems of the Pc trimers and their precursors have proven to be a major problem and for 
that reason it was very difficult to obtain sufficient amounts of pure material for the 
aggregation studies.
The aggregation behavior of the two Pc trimers that could be obtained in the most pure form, 
free base trimer 15e and CuPc trimer Cu15b, were studied in solution and on a surface. For 
both trimers, aggregation in chloroform was observed down to a concentration of the 
compound of 10-7 M. The broadening and blue-shift of the UV-vis spectra compared to the 
corresponding Pc monomers suggests that the trimers self-assemble into H-aggregates. 
AFM studies in which chloroform solutions of the compounds were spincoated or dropcasted 
on a mica surface showed that free base trimer 15e did not form well-defined patterns of 
one-dimensional stacks, but instead only globular aggregates. CuPc trimer Cu15b, on the 
other hand, had a tendency to form linear aggregates. In toluene and n-heptane, the 
aggregation of the compound was so strong that it was difficult to observe single columnar 
stacks and most of the material was found to be present in gel-like intertwined structures. 
When a chloroform solution of the compound was spin-coated or dropcasted, separated 
fiber-like structures could be observed. It is believed that as a result of the strong 
intermolecular interactions, large aggregates were already formed in solution. Once 
deposited at the liquid-solid interface, reorganization of the molecules within the aggregates 
is limited and no well-defined architectures of macroscopic size were formed.
4.5 Experimental Section
4.5.1 General experimental
All solvents and other chemicals were commercial products and used as received unless 
stated otherwise. Column chromatography was performed using ACROS silica gel (40-60 
pm) and BioRad BioBeads SX-1 were used for size-exclusion chromatography. 1H-NMR and 
13C-NMR spectra were recorded on a Bruker DPX 200 (200 MHz), a Bruker AC-300 (300 
MHz) or a Varian Unity Inova 400 (400 MHz) instrument. Chemical shifts are given in ppm 
with respect to tetramethylsilane (TMS) as internal standard. Infrared spectra were recorded 
on a ThermoMattson IR300 spectrometer equipped with a Harrick ATR unit and the 
compounds were measured as a solid or an oil. MALDI-TOF measurements were conducted 
on a Bruker Biflex III instrument, with dithranol as the matrix. UV-Visible spectra were 
recorded on a Varian Cary 50 spectrometer and AFM images were recorded on a Multimode
IV microscope controlled with a Nanoscope III controller (Digital Instruments, Santa Barbara 
CA) operating in the tapping mode in air at room temperature with a resolution of 512 *  512 
pixels using moderate scan rates (1-2 lines/sec.). Commercial tapping-mode tips (NSG10, 
NT-MDT) were used with a typical resonance frequency around 300 kHz. CD spectra were 
recorded on a Jasco 810 instrument equipped with a Peltier temperature control unit.
4.5.2 Sample preparation
UV-vis spectra were recorded in freshly distilled chloroform. In order to dissolve the 
compounds the samples were heated for one or two minutes. Samples for surface studies 
were made by dropcasting or spincoating solutions on freshly cleaved mica. The chloroform 
solutions were prepared again by heating for one or two minutes, the toluene solution of 
Cu15b was made by heating for several minutes and sonicating for 2 hours and the n-
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heptane solution of Cu15b was made by dissolving as much as possible of 1.13 mg of 
Cu15b in 10 ml n-heptane again by heating and prolonged sonication.
4.5.3 Synthesis
1,2-Dicyano-4,5-bis(octyloxy)benzene,82 1,2-dicyano-4,5-bis(dodecyloxy)benzene,82 tert- 
butyl-3-aminopropylcarbamate83 and (S)-3,7-dimethyl-1-bromo-octane were prepared 
according to literature procedures.
Free base phthalocyanine 2a
Lithium (26 mg, 3.7 mmol) was stirred with 30 ml of 1-propanol for 16 h. The resulting 
mixture was added dropwise to a refluxing solution of 4.3 g (11 mmol) of 1,2-dicyano-4,5- 
bis(octyloxy)benzene and 0.66 g (3.7 mmol) of 1,2,4,5-tetracyanobenzene in 1-propanol 
under inert atmosphere. After the addition, the mixture was refluxed for another 20 min and 
after cooling 250 ml of H2O was added. The green precipitate was isolated by centrifugation 
and transferred to a Teflon flask. After the addition of 30 ml of triethyleneglycol, 2.5 ml of H2O 
and 5.5 g of KOH, the flask was heated to 160 °C for 5 days during which every day an 
additional 2 ml of H2O was added. After cooling, the mixture was diluted with 200 ml of H2O 
and neutralized with 2 N aqueous HCl. The resulting precipitate was isolated by filtration and 
dissolved in THF or DMSO. After addition of CHCl3, the product could be isolated by filtration 
as a blue powder (0.22 g, 0.16 mmol, 4.3%). MALDI-TOF m/z: 1372 (M)+.
Free base phthalocyanine 2b
This compound was synthesized from 1,2-dicyano-4,5-bis(dodecyloxy)benzene as described 
for 2a. After hydrolysis of the cyano groups, the resulting solid was dissolved in CHCl3 and 
precipitated with acetone repeatedly until the filtrate was colorless. The resulting blue solid 
(0.37 g) consisted of 2b and octa(dodecyloxy)Pc. MALDI-TOF m/z: 1988 
(octa(dodecyloxy)Pc)+, 1708 (M)+.
Free base phthalocyanine 3a
A mixture of 22.5 mg (0.016 mmol) of 2a, 2 ml of benzene and 2 ml of acetyl chloride was 
refluxed for 2 h under an inert atmosphere. After cooling and the addition of 20 ml of 
acetone, 15 mg (0.011 mmol, 69%) of a blue solid could be isolated via centrifugation. 
MALDI-TOF m/z: 1353 (M)+.
Free base phthalocyanine 3b
A mixture of 100 mg of 2b, 5 ml of benzene and 5 ml of acetyl chloride was refluxed for 18 h 
under inert atmosphere. After cooling and the addition of 20 ml of acetonitrile, 40 mg 
(approximately 40%) of a blue solid could be isolated via centrifugation. The product was 
found to contain octa(dodecyloxy)Pc. MALDI-TOF m/z: 1988 (octa(dodecyloxy)Pc)+, 1689 
(M)+.
Free base phthalocyanine 4a
A mixture of 150 mg (0.11 mmol) of 3a and 90 mg (0.51 mmol) of tert-butyl 3- 
aminopropylcarbamate in 50 ml of DMF was heated to 90 °C for 12 h under inert 
atmosphere. After cooling, the mixture was added to 50 ml of a 1:8 (v/v) water:acetone 
mixture and a blue solid was isolated after centrifugation. After a short silica column (eluent 
CHCl3:MeOH:ET3N, 94:5:1 (v/v/v)), the blue solid was dissolved in 25 ml of CH2Cl2 and 10 ml 
of TFA, and the solution was stirred for 10 h. After evaporation of the solvent the residue was 
mixed with 5 ml of DMSO and the product was precipitated by the addition of 30 ml of 
acetone. After filtration 20 mg (0.014 mmol, 13%) of a blue solid was isolated. MALDI-TOF 
m/z: 1409 (M)+.
Free base phthalocyanine 4b
In 1.5 ml of DMF 70 mg of a mixture of 3b and octa(dodecyloxy)Pc and 60 mg (0.34 mmol) of 
tert-butyl 3-aminopropylcarbamate were dissolved and the solution was heated at 90 for 4 
days. After cooling, 20 ml of acetonitrile was added and the solid was isolated by filtration. 
After a short silica column (eluent CHCl3:MeOH:Et3N, 97:2:1 (v/v/v)), the blue solid was 
dissolved in a 1:1 (v/v) mixture of TFA and CH2Cl2 and stirred for 16 h. The solvent was
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removed in vacuo. The residue was redissolved in toluene and the solvent was evaporated 
to yield 35 mg (approximately 50%, again containing octa(dodecyloxy)Pc) of a blue solid. 
MALDI-TOF m/z: 1988 (octa(dodecyloxy)Pc)+, 1745 (M)+.
Free base phthalocyanine trimer 5b
In 3 portions, 3 mg (0.011 mmol) of benzene-1,3,5-tricarbonyl trichloride was added to a 
solution of 35 mg of 4b and octa(dodecyloxy)Pc, 0.02 ml of Et3N and 0.02 ml of pyridine in 20 
ml of CH2Cl2. After stirring for 30 min another 3 mg (0.011 mmol) of benzene-1,3,5- 
tricarbonyl trichloride was added and the reaction was quenched 5 min later by the addition 
of MeOH. Product was observed with MALDI-TOF but could not be purified. MALDI-TOF m/z: 
5392 (M)+.
3-Phthalimido-1-propanol
A solution of 5.0 g (27.0 mmol) of phthalimide potassium salt and 2.35 g (16.9 mmol) of 3- 
bromo-1-propanol in 20 ml of dry DMF was heated at 70 °C for 6 h. After cooling down to rt, 
150 ml of CHCl3 was added and the organic layer was washed with water (3 * 150 ml), dried 
with Na2SO4 and the solvent was evaporated in vacuo to give 2.0 g (9.7 mmol, 57%) of a 
white powder. 1H-NMR (300 MHz, CDCl3): 5 7.76 (m, 2H), 7.72 (m, 2H), 3.87 (t, 2H, J=6Hz), 
3.62 (q, 2H, J=6Hz), 2.46 (t, 1H, J=6Hz), 1.89 (quin, 2H, J=6Hz); 13C-NMR (75 MHz, CDCl3): 
5 168.9, 134.3, 132.0, 123.6, 59.0, 34.2, 31.3; IR v (cm'1): 3406, 2949, 1706, 1605, 1399, 
1123, 1058, 913, 721, 531; HRMS (EI) m/z: calcd for C11H11NO3: 205.0739, found: 205.0742.
4-(3-Phthalimidopropyloxy)phthalonitrile 6
A mixture of 470 mg (2.3 mmol) of 3-phthalimido-1-propanol, 400 mg (2.3 mmol) of 4- 
nitrophthalonitrile and 1.0 g (7.2 mmol) of K2CO3 in 100 ml of MeCN was refluxed for 16 h. 
After cooling, the solution was poured into 100 ml of a 1:1 (v/v) mixture of chloroform and 
water and the water phase was extracted with chloroform (3 * 50 ml). After the combined 
organic layers had been washed with water (3 * 50 ml), dried with Na2SO4 and the solvent 
was evaporated in vacuo, the residue was purified by column chromatography (silicagel, 0­
15% (v/v) EtOAc in toluene) and recrystallized from hot methanol to obtain 200 mg (0.60 
mmol, 26%) of light green crystals. 1H-NMR (300 MHz, CDCl3): 5 7.84 (m, 2H), 7.75 (m, 2H), 
7.67 (d, 1H, J=8.6 Hz), 7.12 (d, 1H, J=2.3Hz), 7.10 (dd, 1H, J=8.6Hz, 2.3Hz), 4.12 (t, 2H, 
J=5.8Hz), 3.92 (t, 2H, J=6.4Hz), 2.24 (quin, 2H, J=6.2Hz); 13C-NMR (50 MHz, CDCl3): 
5 168.4, 161.7, 135.2, 134.2, 132.0, 123.4, 119.6, 119.2, 66.9, 35.0, 28.0; IR v (cm’1): 3077, 
2937, 2227, 1766, 1705, 1593, 1373, 1321, 1257, 1087, 1056, 915, 725, 525 ; HRMS (EI) 
m/z: calcd for C19H13N3O3: 331.0957, found: 331.0953.
1.2-Bisoctylbenzene 7a
This compound was synthesized following a literature procedure, the only change being the 
starting bromide which was octyl bromide.72 The product was purified by distillation under 
reduced pressure, giving, at 115 °C (1 mbar), 21 g (0.069 mol, 46%) of a colorless oil.1H 
NMR (200 MHz, CDCl3) 5 7.12 (s, 4H), 2.59 (t, 4H, J=7.4Hz), 1.55 (quin, 4H, J=7.4Hz), 1.30 
(m, 20H), 0.88 (t, 6H, J=6.1Hz).
1.2-Bisdecylbenzene 7b
This compound was synthesized from decyl bromide as described for 7a. The product was 
purified by distillation under reduced pressure, giving, at 145 C  (0.4 mbar), 30.1 g (74 mmol, 
39%) of a colorless oil.1H NMR (200 MHz, CDCl3) 5 7.11 (m, 4H), 2.59 (t, 4H, J=7.4Hz), 1.53 
(quin, 4H, J=7.4Hz), 1.27 (br, 28H), 0.88 (t, 6H, J=6.1Hz); 13C NMR (50 MHz, CDCl3): 5 
140.6, 129.1, 125.7, 32.8, 32.0, 31.3, 29.9, 29.8, 29.7, 29.6, 29.4, 22.7, 14.2
1.2-Bisdodecylbenzene 7c
This compound was synthesized from dodecyl bromide as described for 7a. The Grignard 
reagent is less soluble, however, and was therefore added directly as a suspension. The 
product could only be partly purified by a silica column (eluent: n-heptane) to yield 17.3 g of a 
colourless oil. 1H NMR (400 MHz, CDCl3) 5 7.11 (m, 4H), 2.59 (t, 4H, J=7.8Hz), 1.55 (m, 8H),
1.26 (m, 78H), 0.88 (t, 18H, J=6.4Hz).
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1.2-Bis((S)-3,7-dimethyloctyl)benzene 7d
This compound was synthesized from (S)-3,7-dimethyloctyl bromide as described for 7a. 
The product was purified by distillation under reduced pressure, giving, at 160 °C (1.0 mbar), 
2.8 g (7.8 mmol, 27%) of a colorless oil. 1H-NMR (200 MHz, CDCh): 5 7.12 (m, 4H), 2.57 (m, 
4H), 1.55-1.14 (m, 20H), 0.95 (d, 6H, J = 6.3 Hz), 0.86 (d, 12H, J = 6.6 Hz); 13C-NMR (50 
MHz, CDCl3): 5 140.9, 129.2, 125.8, 39.4, 39.1, 37.3, 33.3, 30.4, 28.1, 24.9, 22.8, 22.7, 19.8; 
IR v (cm-1): 2951, 2923, 2866, 1489, 1461, 1377, 1169, 917, 748.
1.2-Dibromo-4,5-bisoctylbenzene 8a
A solution of 20.8 g (0.069 mol) of bisoctylbenzene 7a, 0.56 g (10 mmol) of iron powder and 
a catalytic amount of I2 in 20 ml of CH2Cl2 was cooled to 0 °C, after which 23.1 g (0.144 mol) 
of Br2 was added dropwise. After stirring for 16 h, an aqueous solution of 5% NaOH (w/v) 
and 5% NaHSO3 (w/v) was added and the aqueous layer was extracted with CHCl3 (2 * 30 
ml). The combined organic layers were washed with water (2 * 50 ml), dried over Na2SO4 
and the solvent was evaporated in vacuo. The resulting brown oil was purified by column 
chromatography over silica (eluent: n-heptane) yielding 25.98 g (0.056 mol, 82%) of a yellow 
oil which was used without further purification. 1H NMR (200 MHz, CDCl3) 5 7.36 (s, 
sideproduct), 7.26, (s, 2H), 2.75 (m, side product), 2.51 (t, 4H, J=7.3Hz), 1.56 (m, 4H), 1.27 
(m, 20H), 0.89 (t, 6H, J=6.0Hz).
1.2-Dibromo-4,5-bisdecylbenzene 8b
This compound was synthesized from 9.9 g (27.6 mmol) of 7b as described for 8a yielding 
12.53 g (24.3 mmol, 88%) of a yellow oil. 1H NMR (400 MHz, CDCl3) 5 7.36 (s, 2H), 2.50 (t, 
4H, J=8Hz), 1.52 (quin, 4H, J=8Hz), 1.27 (m, 28H), 0.88 (t, 6H, J=6.4Hz); 13C NMR (50 MHz, 
CDCl3): 5 141.9, 133.9, 121.3, 32.1, 31.9, 30.9, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1.
1.2-Dibromo-4,5-bisdodecylbenzene 8c
This compound was synthesized from 5.6 g (13.5 mmol) of 7c as described for 8a yielding
7.3 g (12.7 mmol, 95%) of a brown oil. 1H NMR (400MHz, CDCl3) 5 7.35 (s, 2H), 2.56 (m, 
4H), 1.52 (m, 6H), 1.30 (m, 50H), 0.88 (t, 12H, J=6.4Hz).
1.2-Dicyano-4,5-bisoctylbenzene 9a
A mixture of 5.60 g (12.2 mmol) of 8a and 3.16 g (35,3 mmol) of CuCN together with a few 
drops of pyridine in 50 ml of DMF was refluxed for 5 h and, after cooling, poured into an 
aqueous 35% NH4OH (w/v) solution. After bubbling air through the solution for 16 h, the 
mixture was extracted with Et2O (3 * 50 ml). The combined organic fractions were washed 
subsequently with a 35% aqueous NH4OH (w/v) solution and H2O, dried over MgSO4 and the 
solvent was evaporated. After a silica column (eluent: EtOAc:n-heptane 1:25 (v/v)), 1.24 g 
(3.5 mmol, 29%) of a colorless oil was obtained. 1H NMR (300 MHz, CDCl3) 5 7.55, (s, 2H),
2.51 (t, 4H, J=7.5Hz), 1.58 (quin, 4H, J=7.5Hz), 1.28 (m, 20H), 0.89 (t, 6H, J=6.6Hz).
1.2-Dicyano-4,5-bisdecylbenzene 9b
This compound was synthesized from 12.17 g (23.6 mmol) of 8a as described for 9a. After 
purification on several silica columns (eluent: toluene:n-heptane 4:6 (v/v) and EtOAc:n- 
heptane 4:100 (v/v)), 2.0 g (4.9 mmol, 20%) of a colorless oil was obtained. 1H NMR (200 
MHz, CDCl3) 5 7.55 (s, 2H), 2.67 (t, 4H, J=7.9Hz), 1.56 (quin, 4H, J=7.9Hz), 1.27 (m, 28H), 
0.87 (t, 6H, J=3.6Hz).
1.2-Dicyano-4,5-bisdodecylbenzene 9c
This compound was synthesized from 3.3 g (5.8 mmol) of 8c as described for 9a. After silica 
column chromatography (eluent: toluene:n-heptane 2:3 (v/v)), 0.22 g (0.5 mmol, 8%) of a 
colorless oil was obtained. 1H NMR (400 MHz, CDCl3) 5 7.55 (s, 2H), 2.67 (t, 4H, J=7.7Hz),
1.52 (quin, 4H, J=7.2Hz), 1.26 (m, 36H), 0.88 (t, 6H, J=6.5Hz).
4,5-Bis((S)-3,7-dimethyloctyl)phthalonitrile 9d
A solution of 1.2 g (7.6 mmol) of bromine in 10 ml of CH2Cl2 was added dropwise to a mixture 
of 1.4 g (3.8 mmol) of 7d, 12 mg (0.22 mmol) of iron powder and 110 mg (0.43 mmol) of
114
Phthalocyanine Trimers
iodine in 20 ml of CH2Cl2 at 0 C  After the addition was complete, the solution was allowed 
to warm to room temperature and stirred for 16 h. The brownish mixture was subsequently 
washed with a 5% aqueous sodium bisulfide (w/v) solution (50 ml) and water (50 ml). The 
organic layer was dried with Na2SO4, reduced in vacuo and filtered over a silica plug in n- 
heptane. A mixture of the crude product, 825 mg (9.2 mmol) of CuCN and a catalytic amount 
of pyridine in 5 ml of dry DMF was then refluxed for 5 h. After cooling, 20 ml of a 25% 
aqueous ammonium hydroxide (w/v) solution was added and the slurry was aerated 
overnight. The mixture was extracted with diethyl ether (3 * 50 ml) and the combined organic 
layers were washed with water (3 * 50 ml). After drying with Na2SO4 and reducing the 
organic phase in vacuo, the residue was purified by column chromatography (silicagel) using 
several columns with 1:1 n-heptane/toluene (v/v) and 40:1 n-heptane/EtOAc (v/v) mixtures 
as eluentia, to give 0.75 g (1.8 mmol, 48%) of 9d as a colorless oil. 1H-NMR (400 MHz, 
CDCl3): 5 7.55 (s, 2H), 2.65 (m, 4H), 1.53 (m, 4H), 1.32 (m, 10H), 1.16 (m, 6H), 0.97 (d, 6H, J 
= 6.4 Hz), 0.88 (d, 6H, J = 6.6 Hz); 13C-NMR (75 MHz, CDCl3): 5 19.6, 22.8, 24.8, 28.0, 30.4, 
33.1, 37.0, 37.7, 39.3, 1112.8, 134.1, 147.8; IR v (cm-1): 2952, 2924, 2868, 2224, 1494, 
1464, 1381, 904, 729, 650.
Free base phthalocyanine 10a
To a solution of 1.37 g (3.9 mmol) of 9a and 0.23 g (0.69 mmol) of 6 in 5 ml of 1-pentanol, 
0.7 g (4.5 mmol) of DBU was added. The resulting mixture was refluxed for 1 h and after 
cooling 1.5 ml of acetic acid was added. The mixture was poured into water and a blue 
precipitate was filtered off. The residue was washed with acetone and redissolved into hot 
CHCl3. After a silica column (eluent: CHCl3) 230 mg (0.17 mmol, 24%) of a blue solid was 
obtained. MALDI-TOF m/z: 1390 (M)+.
Deprotection of free base phthalocyanine 10a
A suspension of 50 mg (0.036 mmol) of 10a and 1.5 ml of hydrazine hydrate in 50 ml of THF 
was heated to 65 C  for 2 h. After cooling, 100 ml of MeCN was added and the product was 
filtered off and washed with acetonitrile to give 43 mg (0.034 mmol, 95%) of a blue solid. 
MALDI-TOF m/z: 1260 (M)+.
Zinc phthalocyanine 10c
A solution of 140 mg (0.3 mmol) of 9c, 30 mg (0.09 mmol) of 6, 20 mg (0.09 mmol) of 
ZnOAc.2H2O and 29 mg (0.19 mmol) of DBU in 1 ml of 1-pentanol was refluxed for 2 h. After 
cooling, the reaction mixture was poured into MeCN and a green solid was filtered off. This 
solid was purified by column chromatography (silica, CHCl3 1% pyridine (v/v)) to give 21 mg 
(0.012 mmol, 13%) of a green solid. 1H NMR (400 MHz, CDCl3 + few drops of pyridine-d5) 5
9.20 (s, 1H), 9.19 (s, 1H), 9.17 (s, 1H), 9.12 (s, 1H), 9.07 (brs, 1H), 9.05 (s, 1H), 9.02 (s, 1H), 
8.49 (brs, 1H), 7.90 (brm, 2H), 7.63 (brm, 2H), 7.51 (brm, 1H), 4.62 (br, 2H), 4.18 (br, 2H), 
3.18 (br, 6H), 2.55 (br, 6H), 2.03 (br, 8H), 1.69 (br, 6H), 1.55 (br, 6H), 1.29 (br, 36H), 0.88 
(br, 9H).
Free base phthalocyanine 10d
To a solution of 130 mg (0.32 mmol) of 9d and 35 mg (0.11 mmol) of 6 in 1 ml of 1-pentanol 
30 mg (0.20 mmol) DBU was added. The resulting mixture was refluxed for 16 h and after 
cooling 0.1 ml of acetic acid was added. The mixture was poured into water and the product 
was extracted with CHCl3 (3 x 50 ml). After a silica column (eluent: CHCl3) 17 mg (0.01 mmol, 
10%) of a blue solid was obtained. 1H NMR (400 MHz, CDCl3) 5 8.84 (s, 1H), 8.76 (s, 1H), 
8.71 (d, 1H, J=8.0Hz) 8.7 (s, 1H), 8.58 (s, 1H), 8.52 (s, 1H) 8.41 (s, 1H), 8.25 (s, 1H), 7.84 
(d, 1H, J=3Hz), 7.83 (d, 1H, J=3Hz), 7.67 (d, 2H, J=3Hz), 7.66 (d, 2H, J=3Hz), 7.33 (dd, 1h, 
J=8.0Hz, J=1.8Hz), 4.49 (t, 2H, J=5.4Hz), 4.14 (t, 2H, J=7Hz), 2.99 (m, 12H), 2.47 (m, 
2H),1.78 (m, 18H), 1.57 (m, 12H), 1.18 (m, 30H) 0.89 (d, 54H, J=6.6Hz) -2.00 (brs, 2H).
Free base phthalocyanine trimer 11a
A mixture of 40 mg (0.031 mmol) of deprotected Pc10a, 100 ml of pyridine, 100 ml of Et3N 
and 2.0 mg of benzene-1,3,5-tricarbonyl trichloride in 60 ml of CH2Cl2 was stirred for 16 h
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and subsequently refluxed for another 2 h. The product was observed in the crude mixture by 
MALDI-TOF but it could not be isolated. MALDI-TOF m/z: 3935 (M)+.
4-Phthalimido-1-phenol
A solution of 6.0 g (40.5 mmol) of phthalic anhydride, 4.0 g (36.7 mmol) of 4-aminophenol 
and 2 ml of triethylamine in 150 ml of ethanol was stirred at rt for 4 h. After evaporating the 
solvent in vacuo, 300 ml of toluene was added and the resulting mixture was refluxed under 
Dean-Stark conditions. After cooling, the solvent was evaporated, 300 ml of water was added 
and the mixture was refluxed for another 30 min. After cooling, the mixture was filtered and 
the residue was purified by recrystallization from hot methanol to give 7.28 g (0.30 mmol, 
83% yield) of white crystals. 1H-NMR (300 MHz, DMSO-d6): 5 9.43 (s, 1H), 7.86 (m, 4H), 7.18 
(d, 2H, J=8.7Hz), 6.91 (d, 2H, J=8.7Hz); 13C-NMR (75 MHz, DMSO-d6): 5 167.6, 157.4,
134.8, 131.6, 129.0, 123.5, 123.0, 115.6; IR v (cm-1): 3407, 1708, 1594, 1514, 1396, 1276, 
1198, 1118, 828, 720, 532; HRMS (EI) m/z: calcd for C14H9NO3: 239.0582, found: 239.0586.
4-(4-Phthalimido-1-phenoxy)phthalonitrile 12
A mixture of 2.0 g (8.3 mmol) of 4-phthalimido-1-phenol, 1.5 g (8.6 mmol) of 4- 
nitrophthalonitrile and 2.0 g (14.5 mmol) of K2CO3 in 50 ml of dry DMF was stirred at rt for 16 
h. Subsequently 100 ml of water was added and the white suspension was filtered. The 
residue was washed with EtOH and recrystallized form toluene to give compound 12 as 
white crystals (2.63 g, 7.2 mmol, 86%). 1H-NMR (400 MHz, CDCl3): 5 7.99 (m, 2H), 7.84 (m, 
2H), 7.76 (d, 1H, J=8.6Hz), 7.58 (dt, 2H, J=8.9Hz, 2.2Hz), 7.40 (d, 1H, J=2.5Hz), 7.31 (dd,
1H, J=8.7Hz, 2.5Hz), 7.22 (dt, 2H, J=8.9Hz, 2.2Hz); 13C-NMR (50 MHz, CDCl3): 5 167.1,
161.3, 152.9, 135.6, 134.7, 131.6, 129.6, 128.7, 124.0, 122.0, 121.6, 121.2, 117.9, 109.4, 
97.0; IR v (cm-1): 3097, 2230, 1711, 1593, 1504, 1383, 1248, 1077, 826, 712, 515; HRMS 
(CI) m/z: calcd for C22H12N3O3: 366.0879, found: 366.0883.
Free base phthalocyanine 13e
A mixture of 1.0 g (5.4 mmol) of 4-te/Y-butylphthalonitrile, 0.63 g (1.7 mmol) of 12 and 0.62 g 
(4.1 mmol) of DBU in 8 ml of 1-pentanol was refluxed under inert atmosphere for 16 h. After 
cooling 5 ml of acetic acid was added and after addition of 50 ml of MeOH a blue solid was 
isolated by filtration. A silica column (eluent: CHCl3) gave as the first fraction 0.30 g (0.41 
mmol) of tetra-fe/f-butylPc and a second fraction of 0.35 g (0.38 mmol, 22%) of 13e. MALDI- 
TOF m/z: 920 (M)+.
Free base phthalocyanine H213b
This compound was synthesized from 1.02 g (2.5 mmol) of 9b and 0.30 g (0.82 mmol) of 12 
as described for 13e. After a silica column (eluent: CHCl3) 0.25 g (approximately 0.15 mmol, 
24%) of a mixture of 13b, octadecylPc and tetradecylbisphenylaminophthalimidoPc was 
obtained. MALDI-TOF m/z: 1635 (octadecylPc)+, 1592 (M)+, 1549 
(tetradecylbisphenylaminophthalimidoPc)+.
Copper phthalocyanine Cu13b
This compound was synthesized from 0.84 g (2.1 mmol) of 9b, 0.24 g (0.66 mmol) of 12 and 
0.17 g (1.0 mmol) of CuCl2.2H2O as described for 13e. After a silica column (eluent: toluene)
0.37 g (approximately 0.22 mmol, 32%) of a mixture of Cu13b and octadecylCuPc was 
obtained. MALDI-TOF m/z: 1696 (octadecylCuPc)+, 1652 (M)+.
Free base phthalocyanine H213d
This compound was synthesized from 0.50 g (1.2 mmol) of 9d and 0.15 g (0.41 mmol) of 12 
as described for 13e. After a silica column (eluent: CHCl3) 60 mg (0.038 mmol, 9%) of H213d 
was obtained. 1H NMR (400 MHz, CDCh) 5 8.94 (d, 1H, J=8.1Hz), 8.86 (d, 2H, J=6.5Hz), 
8.80 (m, 3H), 8.70 (s, 1H), 8.56 (s, 1H), 7.99 (m, 2H), 7.81 (m, 2H), 7.71 (dd, 1H, J=2Hz, 
8.1Hz), 7.59 (d, 2H, J=9.1Hz), 7.51 (d, 2H, J=9.1Hz), 3.16 (m, 12H), 2.00 (m, 6H), 1.82 (m, 
12H), 1.6 (m, 18H), 1.31 (m, 12H), 1.23 (m, 18H), 0.98 (m, 36H), -1.87 (s, 2H); 13C NMR (75 
MHz, CDCl3) 5 166.9, 157.5, 156.9, 143.5, 143.3, 142.9, 133.9, 131.4, 127.8, 126.1, 123.3,
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iiB.3, 39.i, 39.0, 37.0, 33.5, 33.4, 29.2, 27.6, 24.6, 22.3, 22.2, 22.2, i9.5, i9.5, i9.4; 
MALDI-TOF m/z: i592 (M)+.
Copper phthalocyanine Cu13d
This compound was synthesized from 0.3 g (0.73 mmol) of 9b, 70 mg (O.i9 mmol) of 12 and 
60 mg (0.35 mmol) of CuCl2.2H2O as described for 13e. After a silica column (eluent: CHCl3) 
57 mg (0.034 mmol, iB%) of Cu13d was obtained. MALDI-TOF m/z: i652 (M)+.
Free base phthalocyanine 14e
A solution of 52 mg (0.057 mmol) of 13e and 0.2 ml of hydrazine hydrate in 50 ml of THF 
was refluxed for i.5  h. After cooling, the solvent was evaporated and the residue was purified 
by column chromatography (silica, eluent: 0.5-i% MeOH in CHCl3 (v/v)), giving 30 mg (0.03B 
mmol, 67%) of a blue solid. MALDI-TOF m/z: 7B9 (M)+.
Free base phthalocyanine H214b
This compound was synthesized from 0.20 g (approximately O.i2 mmol) of the mixture 
containing H213b as described for 14e. During the silica column (eluent: 0-5% of MeOH in 
CHCl3 (v/v)) the product precipitated on the column and it was redissolved by heating the 
column to 50 ‘C. Eventually O .ii g of (0.075 mmol, 63%) H214b was obtained as a blue 
solid. MALDI-TOF m/z: i462 (M)+.
Copper phthalocyanine Cu14b
This compound was synthesized from 0.20 g (approximately O .ii mmol) of the mixture 
containing Cu13b as described for 14e. During the silica column (eluent: toluene) heating the 
column to 50 °C was necessary to keep the product in solution. Eventually, O.i2 g (0.079 
mmol, 72%) of Cu14b was obtained as a green solid. MALDI-TOF m/z: i523 (M)+.
Free base phthalocyanine H214d
This compound was synthesized from 90 mg (0.054 mmol) of H213d as described for 14e. 
After a silica column (eluent: 0.5% MeOH in CHCl3 (v/v)) the product was precipitated twice 
by dissolving it in CHCl3 and injecting it in MeOH resulting in 57 mg (0.039 mmol, 72%) of 
H214d as a blue solid.. i H NMR (400 MHz, CDCl3) d B.96 (s, 2H), B.95 (s, iH), B.90 (s, iH), 
B.B6 (s, iH), B.7B (s, iH), B.74 (s, iH), B.66 (brs, iH), 7.64 (d, iH, J=6.iHz), 7.3i (d, 2H, 
J=6.6Hz), 6.9i (d, 2H, J=6.6Hz), 3.75 (br, 2H), 3.i4 (m, i2H),2.00 (m, 6H), i.B2 (m, 
i2H)i.62 (m, i2H), i.43 (m, 6H), i.3B (m, 24H), 0.94 (m, 54H), -i.50 (br, 2H); i3C NMR (75 
MHz, CDCl3) d i49.2, i42.9, i42.B, i3B.7, i22.4, i22 .i, i20.6, i i9 . i ,  i i6 . i ,  39.3, 39.0, 
39.0, 37.0, 33.5, 33.4, 33.3, 3i.4, 29.2, 2B.9, 27.6, 24.6, 22.3, 22.2, 22.2, i9.5, i9.4, i3.6. 
MALDI-TOF m/z: i462 (M)+.
Copper phthalocyanine Cu14d
This compound was synthesized from 75 mg (0.044 mmol) of Cu13d as described for 14e. 
After a silica column (eluent: i%  MeOH in CHCl3 (v/v)) 60 mg (0.039 mmol, B9%) of Cu14d 
was obtained as a blue solid. MALDI-TOF m/z: i523 (M)+.
Free base phthalocyanine trimer 15e
A solution of 30 mg (0.03B mmol) of 14e, 2.3 mg (0.00B7 mmol) of benzene-i,3,5-tricarbonyl 
trichloride and two drops of pyridine in 25 ml CH2Cl2 were stirred at 0 C  for 2 h and allowed 
to warm up to rt. After i6  h the solvent was evaporated and the resulting solid was purified 
by column chromatography over silica (eluent: i0% MeOH in CHCl3 (v/v)) and purified further 
using SEC (eluent: ChCi3 and 2% pyridine in CH2Cl2 (v/v)), resulting in the isolation of 5 mg 
of a blue solid, which turned out to be a mixture of several different compounds. MALDI-TOF 
m/z: 2526 (M)+, i754 (dimer)+, 7B9 (14e)+ see text.
Free base phthalocyanine trimer H215b
A suspension of iiO  mg (0.075 mmol) of H214b and O.i ml of dry pyridine in 70 ml of toluene 
was heated to reflux after which 3 mg (O.Oii mmol) of benzene-i,3,5-tricarbonyl trichloride
i i7
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was added. After 30 min, another i.O mg (0.003B mmol) of benzene-i,3,5-tricarbonyl 
trichloride was added and the solvent was evaporated under reduced pressure. The product 
was purified by column chromatography over silica (eluent: i%  MeOH in CHCl3 (v/v)), 
followed by SEC in CHCl3. During this last purification step most of the product precipitated 
on the column and could not be redissolved. MALDI-TOF m/z: 4544 (M)+ see text.
Copper phthalocyanine trimer Cu15b
A suspension of i26 mg (0.0B3 mmol) Cu14b and O.i ml of dry pyridine in BO ml of toluene 
was heated to 50 ‘C, after which 7 mg (0.026 mmol) of benzene-i,3,5-tricarbonyl trichloride 
was added. After 60 min another i.O mg (0.003B mmol) of benzene-i,3,5-tricarbonyl 
trichloride was added and the solution was stirred for another 20 min. After cooling, the 
solvent was evaporated under reduced pressure and the reaction mixture was purified by 
column chromatography over silica (eluent: toluene) and subsequently by SEC in CHCl3. 
During this last purification step, most of the product precipitated on the column and could 
not be redissolved. MALDI-TOF m/z: 4727 (M)+, 3222 (CuPc dimer)+.
Free base phthalocyanine trimer H215d
This compound was synthesized from 57 mg (0.039 mmol) of H214d and 2.5 mg (0.0094 
mmol) of benzene-i,3,5-tricarbonyl trichloride as described for 15e. The resulting solid was 
purified by column chromatography over silica (eluent: i0% MeOH in CHCl3 (v/v)) and 
subsequently by SEC (eluent: CHCl3 and 2% pyridine in CH2Cl2 (v/v)). The product was 
observed in mass spectroscopy, but could not be isolated. MALDI-TOF m/z: 4727 (M)+
Copper phthalocyanine trimer Cu15d
This compound was synthesized from 60 mg (0.039 mmol) of Cu14d and 2.i mg (0.0079 
mmol) of benzene-i,3,5-tricarbonyl trichloride as described for 15e. The resulting solid was 
purified by column chromatography over silica (eluent: i0% MeOH in CHCl3 (v/v)) and 
subsequently by SEC (eluent: CHCl3 and 2% pyridine in CH2Cl2 (v/v)). The product was 
observed in mass spectroscopy, but could not be isolated. MALDI-TOF m/z: 4545 (M)+.
4-(4-Hydroxyphenoxy)phthaIonitriIe 16
A solution of 2.i6  g (0.0i25 mol) of 4-nitrophthalonitrile, 6.0 g (0.055 mol) of hydroquinone 
and 7.0 g (0.05i mol) of K2CO3 in 30 ml of dry DMF was stirred overnight at rt. After adding 
200 ml of H2O and 3 days of stirring the mixture was filtered and the residue was washed 
with 200 ml of H2O to give 2.6i g (9 mmol, 73%) of the desired phthalonitrile 16 as a white 
powder. i H NMR (400 MHz, CDCl3): d 7.72 (d, iH), 7.24 (d, iH), 7.20 (d, iH), 6.94 (m, 4H),
5.20 (s, iH).
Free base phthalocyanine 17d
A solution of 0.50 g (i.3 mmol) of 9d, BB mg (0.4 mmol) of 16 and O.i32 g (0.B mmol) of DBU 
in 5 ml of i-pentanol was refluxed for i7  h, after which O.i ml of acetic acid was added. After 
cooling, the solution was poured into i00 ml MeOH and the mixture was filtered. The 
resulting green solid was subjected to column chromatography on silica gel (eluent: CHCl3) 
to afford a dark green solid. The solid was dissolved in CH2Cl2 and precipitated out of MeOH 
resulting in a green solid, 54 mg (0.037 mmol, 9%). i H NMR (400 MHz, CDCl3): d B.9B (s, 
2H), B.90 (s, iH), B.B3 (s, 2H), B.79 (s, iH) B.67 (s, iH), B.57 (br, iH) 7.56 (d, iH, J=7.BHz), 
7.36 (d, 2H, J=B.BHz), 7.02 (d, 2H, J=B.BHz), 5.03 (s, iH), 3.i4 (m, i2H), 2.04 (m, 6H), i.B2 
(m, i2H), i.6 i (m, i2H), i.30 (m, i2H), i.20 (m, iBH), 0.95 (d, 54H, J=6.6Hz), -i.527 (s, 
2H); i3C NMR (75 MHz, CDCl3): 39.5, 37.4, 33.B, 3i.7, 2B.0, 25.i, 22.B, 22.7, i9.9; MALDI- 
TOF m/z: i463 (M)+.
Free base phthalocyanine 17e
This compound was synthesized from 0.7B g (4.2 mmol) of 4-tert-butylphthalonitrile and 0.25 
g (i.O mmol) of 16 as described for 17d resulting in 95 mg (O.i mmol, ii% ) of the title 
compound as a dark blue powder. MALDI-TOF m/z: 790 (M)+.
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Free base phthalocyanine trimer 18d
A mixture of 49.1 mg (0.0335 mmol) of 17d, 3.30 mg (0.0092 mmol) of 1,3,5- 
tris(bromomethyl)benzene and 10.1 mg (0.073 mmol) of K2CO3 in 15 ml of DMF was refluxed 
for 18 h under N2. After cooling, 30 ml of water was added and the mixture was extracted 
with CHCl3 (3 x 30 ml). The organic fractions were dried with MgSO4, and the solvent was 
evaporated. The resulting green solid was subjected to column chromatography on silica gel 
(eluent: 0-2% MeOH in CHCl3 (v/v)). The product was further purified on a size exclusion 
column (eluent: 2% pyridine in CH2Cl2 (v/v)), but it could not be obtained in pure form. 
MALDI-TOF m/z: 4503 (M)+.
Free base phthalocyanine trimer 18e
This compound was synthesized from 50 mg (0.05 mmol) of 17e and 5.0 mg (0.014 mmol) of 
tris(bromomethyl)benzene as described for 18d. Also in this case the product could not be 
obtained in pure form. MALDI-TOF m/z: 2486 (M)+.
Zinc phthalocyanine trimer 19e
The impure product obtained in the previous reaction was dissolved in 50 ml of pyridine, 50 
mg (0.27 mmol) of Zn(OAc)2 was added and the resulting solution was refluxed for 16 h. 
After cooling, the product was precipitated in 250 ml of MeOH. The product was purified by 
silica column chromatography (eluent: 5% MeOH in CHCl3 (v/v)) and SEC (eluent: 2% 
pyridine in CH2Cl2 (v/v)), resulting 0.3 mg (0.0001 mmol, 0.8% over two steps) of a 
blue/green solid. MALDI-TOF m/z: 2676 (M)+.
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Chapter 5
This chapter describes the synthesis of well-defined polymers (polyisocyanopeptides) 
functionalized with phthalocyanine side-chains. The rigidity of the polyisocyanopeptides, 
combined with their helical conformation, makes this type of polymers ideal scaffolds for the 
organization of the phthalocyanines in well-defined stacks. UV-vis, fluorescence and AFM 
studies provided strong evidence for the formation of the polymers, but problems with their 
purification hampered further studies of their photophysical properties.
Chapter 5
5.1 Introduction
The ordering of chromophores in large, well-defined arrays is an area of great interest in 
scientific research because of their potential applications in molecular photonics and 
electronics.1 The high wavelength absorption, electron conducting properties and the 
synthetic versatility of phthalocyanines (Pcs) makes these molecules excellent candidates for 
such applications. In the previous chapter our efforts to organize Pcs using supramolecular 
chemistry were discussed, but it is of course also possible to organize them by covalent 
linking.
A B C
Figure 1. Examples of polymer-bound Pcs. A: 2D network,2 B: shish-kebab like polymer3 and C: main chain Pc polymer.4
Several examples of the incorporation of Pcs in polymers have already been reported. 
Because of the wide range of synthetic possibilities, different approaches are possible.5 First, 
the Pcs can be incorporated in a 2D network by using bifunctional precursors (such as 
bis(phthalonitriles) and bis(phthalic anhydrides), Figure 1A),2 by connecting tetra- 
functionalized Pcs6 or by polymerization using plasma7 or electrochemistry.8 Second, the Pcs 
can be part of the main chain of a polymer, either through the central metal (shish-kebab like 
polymers, Figure 1B)3 or by substitution of the benzene rings (Figure 1C).4 Finally, they can 
be incorporated into the side chain of a polymer by grafting,9, 10 via a polymer bound 
precursor11 or by using a Pc-containing monomer (Figure 2).12, 13 The properties of such Pc- 
containing polymers are highly dependent on the interactions between the phthalocyanine 
moieties. In many cases, however, the Pcs are not highly organized resulting in polymers 
that are not very well-defined.
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Figure 2. Precursors for polymers with Pcs in their side chains using grafting (A)9, a polymer bound precursor (B)11 and Pc
containing monomer (C).13
A better ordering might be achieved by attaching the Pcs to a rigid scaffold. In the 
Nolte/Rowan group a great deal of work has been done on the synthesis of well-defined 
polymers containing porphyrins,14 perylenes15-17 and combinations of the two,18 using 
polyisocyanopeptides as the scaffold. Polyisocyanopeptides are very rigid polymers with a 
helical conformation, which are typically synthesized by a nickel(II) catalyzed polymerization 
of isocyanides (Figure 3A).19 Their 41 helix (i.e. four units per helical turn, Figure 3B) is 
stabilized by hydrogen bonds between the peptide-containing side arms, and the chirality of 
the amino acids controls the helicity of the polymer backbone.
A B C
Figure 3. General scheme of the nickel catalyzed polymerization of isocyanides (A), the resulting 4i helix (B) and a schematic
representation of a Pc functionalized polyisocyanide (C).
By connecting Pc-functionalized side chains to a polyisocyanide backbone, the 
chromophores are expected to become organized in highly defined arrays with a large
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degree of overlap between the n-systems (Figure 3C). Such a highly organized arrangement 
might open the way to high hole mobility and exciton transport over large distances, which is 
important for applications such as organic photovoltaic devices.
5.2 Results and Discussion
For the synthesis of a Pc-functionalized polyisocyanide, a Pc-containing isocyanide 
monomer had to be designed. Pcs can be synthesized by the cyclotetramerisation of a 
variety of precursors, such as phthalonitriles, phthalimides, phthalic anhydrides and 
phthalamides.20 Because of the low solubility of a non-functionalized Pc, alkyl chains are 
usually attached to the periphery of the Pc-ring by using modified precursors.
To obtain a Pc which can function as a side chain in a polyisocyanopeptide, a mixture of two 
phthalonitriles will be used to obtain the desired monofunctionalized Pc: one containing long 
or bulky alkyl chains to increase the solubility, and the other functionalized with a protected 
amine. When such a phthalonitrile mixture is used, the Pc synthesis yields a statistical 
mixture of all possible Pcs. After purification the amine can be deprotected and coupled to an 
amino acid fragment that will increase the stability of the polyisocyanide helix.19 The 
isocyanide monomer is finally obtained by formylation of the amino terminus of the amino 
acid moiety and subsequent dehydratation of the obtained formamide. The monomer can 
subsequently be polymerized via a nickel(II)-catalyzed polymerization reaction.21
5.2.1 Synthesis of a polyisocyanide with dimethyloctyl-modified Pc side-chains 
Previous research on porphyrin-14 and perylene-17 functionalized polyisocyanopeptides has 
shown that a propyl spacer between the chromophore and the amino acid is compatible with 
the formation of well-defined helical polymer structures. Therefore, it was decided to use 4- 
(3-phthalimidopropyloxy)phthalonitrile and bis((S)-3,7-dimethyloctyl)phthalonitrile in the 
synthesis of the Pc-functionalized isocyanide (Figure 4). Starting from 1 equivalent of 4-(3- 
phthalimidopropyloxy)phthalonitrile and 3 equivalents of bis(3,7-dimethyloctyl)phthalonitrile, a 
statistical mixture of differently substituted phthalocyanines was synthesized in refluxing 1- 
pentanol, using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst. Copper(II) chloride 
was included in the reaction, which acted as a template and thus increased the overall yield. 
As a result, CuPcs instead of free base Pcs were formed. The desired mono-functionalized 
Pc 1 was separated from the mixture by column chromatography, together with trace 
amounts of di- and tri-functionalized products. Deprotection of the phthalimido groups with an 
excess of hydrazine in THF gave the free amine-functionalized phthalocyanines, which could 
then be separated by column chromatography, removing the di- and tri-functionalized 
products, to give pure mono-functionalized 2 in an overall yield of 21% (Figure 4).
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o
Figure 4. Synthesis of amino-functionalized Pc 2 (R = (S)-3,7-dimethyloctyl). A: DBU, CuCl2, 1-pentanol, 170 °C, 39%; B:
hydrazine hydrate, THF, reflux, 55%.
In the subsequent coupling of 2 to Boc-protected L-alanine, standard peptide coupling 
conditions using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N- 
hydroxybenzotriazole (HOBt) as coupling reagents proved to be inefficient. Probably the 
conversion did not go to completion due to coordination of the amine to the metal core. A 
sturdier approach was chosen by reacting the free amine of 2 with the acid chloride of Fmoc- 
protected L-alanine in chloroform, in the presence of a mild base to capture the formed 
hydrochloric acid (Figure 5). After purification by column chromatography, compound 3 was 
obtained in a yield of 36%.
The Fmoc protecting group was subsequently removed with piperidine in chloroform to afford 
4 after a short silica column. Next, compound 4 was converted into formamide 5 with 2,4,5- 
trichlorophenyl formate22 in chloroform and the formamide was purified by column 
chromatography. Finally a dehydration reaction of 5 with diphosgene and N- 
methylmorpholine (NMM) in chloroform yielded the isocyanide 6. This isocyanide turned out 
to be very unstable and already in the presence of trace amounts of water it hydrolyzed back 
to the formamide. For this reason, standard workup procedures involving washing steps with 
aqueous solutions were not suitable. The reaction mixture was purified by loading it onto a 
size exclusion column and eluting the product with distilled and water-free chloroform. The 
fraction containing Pcs was analyzed by mass spectroscopy and after determination of the 
presence of isocyanide it was immediately subjected to polymerization to the polyisocyanide 
DMOpropP by adding Ni(ClO4)2 6H2O in a molar ratio of 1/300 to the solution of the 
monomer in chloroform (Figure 5).
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Figure 5. Synthesis of Pc-functionalized polyisocyanide DMOpropP. A: Fmoc-L-alanine-Cl, NaHCO3, CH2Cl2, 36%; B: 
piperidine, chloroform, 38%; C: 2,4,5-trichlorophenyl formate, chloroform, 59%; D: diphosgene, N-methylmorpholine, chloroform,
-3 0  C  yield n.d.; E: Ni(ClO4)2 6H2O, chloroform, yield n.d..
5.2.2 Analysis of DMOpropP
After several days, the reaction mixture was analyzed by UV-vis spectroscopy. In the case of 
a successful polymerization, the phthalocyanine moieties would be forced into each other’s 
proximity, which would most probably give rise to interactions between the transition dipoles, 
which would become apparent from shifts in and/or broadening of the UV-vis spectra. 
However, when compared to the UV-vis spectrum of monomer 6, the spectrum of the 
reaction mixture showed only a minor broadening of the Q-band at 690 nm and no significant 
shift in its position (Figure 6).
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Figure 6. UV-vis spectra of monomer 6 and the reaction mixture of the polymerization in chloroform.
Because of the chiral nature of the polyisocyanopeptides, also the emergence of a CD-effect 
would indicate the formation of a polymer, but no significant CD-effect was observed. The 
combined UV-vis and CD results indicated that only a low degree of polymerization had 
occurred, or even no polymerization at all. All attempts to follow the polymerization using IR 
spectroscopy were unsuccessful due to the low intensity of the peak at the isocyanide stretch 
frequency compared to the absorption of the rest of the molecule. Therefore, it was very 
surprising to see that, when a sample of the reaction mixture was spin-coated onto mica and 
analyzed with AFM, rod-like species appeared to be present on the surface, on a background 
covered with less-defined material that might correspond to residual monomeric species 
(Figure 7A). It could be that the polymers precipitate out of solution, which would account for 
the lack of change in the UV-vis and CD spectra, or maybe the amount of polymer compared 
to the residual monomeric species was too low to influence the spectra. The average length 
of these rods was 190 ± 13 nm (N=50), and their apparent height 4.7 ± 0.2 nm. The 
roughness of the cross section in Figure 7B is due to the non-polymeric material on the 
surface. The observed apparent height of the rods of 4.7 nm is in very good agreement with 
the expected thickness of the designed Pc-functionalized polyisocyanide and closely 
resembles the observed height of the previously reported porphyrin-functionalized 
polyisocyanides (4.2 ± 0.3 nm).14
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Figure 7. AFM image of the spin-coated reaction mixture of the polymerization of 6 on mica (A) and a cross section
corresponding to the white line (B).
The purification of the reaction mixture proved to be very challenging, mainly because the 
material appeared to have a very high affinity for glass filters and cotton wool. Therefore, 
standard purification procedures such as size-exclusion column chromatography were not 
usable. Precipitation from solution was also unsuccessful, because the large amount of 
residual monomers that co-precipitated. Because of these difficulties it was impossible to 
determine the exact nature of the rods observed with AFM.
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Figure 8. Synthesis of Pc-functionalized polyisocyanides tBUTpheCuP and tBUTpheP (R = ferf-butyl). A: DBU, CuCl2 (only for 
7), 1-pentanol, 170 °C, 7: 64%, 13: 38%; B: hydrazine hydrate, THF, reflux, 8: 48%, 14: 65%; C: Fmoc-l-alanine-Cl, NaHCO3, 
CH2Cl2, r.t., 9: 79%, 15, 69%; D: piperidine, chloroform, r.t., 10: 86%, 16: 79%; E: 2,4,5-trichlorophenyl formate, chloroform, r.t., 
11: 25%, 17, 42%; F: diphosgene, N-methylmorpholine, chloroform, -3 0  °C, 12: 15%, 18: 74%; G: Ni(ClO4)2 6H2O, chloroform,
r.t., yields not determined.
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5.2.3 Synthesis of polyisocyanides with tert-butyl- modified Pc side-chains 
Due to the purification problems encountered with DMOpropP, a new phthalocyanine- 
functionalized monomer based on 4-te/t-butylphthalonitrile was designed. The bulky tert-butyl 
groups are introduced to better solubilize the Pc in comparison with the dihydro-citronellyl 
chains and a more rigid phenyl linker (4-(4-phthalimidophenyl)phthalonitrile) was used 
because it was expected that the purification of an aniline-based Pc would be easier than 
that of an aliphatic amine-based Pc. In addition to a copper(II)Pc also the corresponding free 
base Pc was synthesized, because copper(II) phthalocyanines are known to be catalytically 
active, for instance as oxidants,20 and might adversely affect the stability of the isocyanide 
moieties and catalyze the hydrolysis back to the formamide.
The Pc-functionalized isocyanide monomers 12 and 18 were both synthesized according to 
the same route as described earlier for compound 6 (Figure 4 and Figure 5), but in the 
synthesis of the free base monomer 18, copper(II) chloride was omitted in the first step 
(Figure 8).
The consequence of using a mono-te/t-butyl-functionalized phthalonitrile as one of the Pc- 
monomers is that mixtures of different regioisomers of the phthalocyanines were formed. 
Due to their only slightly different physical properties, it was not possible to separate these 
isomers. In contrast to the troublesome purification of isocyanide 6, the purification of 
isocyanides 12 and 18 was relatively easy since it could be accomplished by column 
chromatography. Isocyanides 12 and 18 were more stable compared to isocyanide 6, but still 
some of the product was hydrolyzed during purification. It was observed that the CuPc- 
containing isocyanide hydrolyzed faster than its free base analogue, indeed suggesting that 
the copper phthalocyanine catalyses this reaction.
Because of the instability of monomer 12, its polymerization to form tBUTpheCuP was 
immediately initiated after purification, by adding Ni(ClO4)26H2O in a molar ratio of 1/300 
with respect to the monomer in dichloromethane. The polymerization mixture was allowed to 
react for several days, until MALDI-TOF analysis showed that no significant amount of 
isocyanide monomer was left. Concomitantly, IR spectra showed the gradual disappearance 
of the typical isocyanide stretching vibration at 2140 cm-1. Purification of the reaction mixture 
in order to remove residual monomers and catalyst still proved to be difficult. Size exclusion 
chromatography was unsuccessful because also in this case the polymers had a high affinity 
for cotton wool or the glass filter. Only precipitation of the polymers from chloroform/methanol 
turned out to be a successful procedure to yield polymers in a more pure form, as the 
supernatant was colored light blue from residual monomers.
Because it was still very difficult to purify the polymer mixture of tBUTpheCuP, free base Pc 
monomer 18 was reacted with Ni(ClO4)26H2O in a molar ratio of 30/1 in dichloromethane to 
form tBUTpheP. It was reasoned that the higher monomer to catalyst ratio would result in 
the formation of more, but shorter polymers, which might improve the solubility and enable 
better and smoother purification. MALDI-TOF and IR analysis showed that no more 
isocyanide monomer was present after several days and attempts were made to purify the 
product. For the same reason as observed in the case of the previously described reaction 
mixtures of DMOpropP and tBUTpheCuP, size exclusion chromatography turned out to be 
unsuccessful, and again precipitation of the Pcs from the reaction mixture from 
chloroform/methanol proved to be the only method to purify them.
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5.2.4 Analysis of polyisocyanides with tert-butyl- modified Pc side-chains 
When compared to the UV-vis spectrum of monomer 12, the spectrum of tBUTpheCuP in 
chloroform revealed a significant broadening of the spectrum and the appearance of a blue 
shifted shoulder of the Q-band at 570 nm (Figure 9B). The blue shift is indicative of the 
formation of H-aggregates, i.e. a cofacial arrangement of the Pcs with an angle of slippage 
between 90° and 55° ( Figure 9B),23 which results in exciton coupling between the Pcs 
responsible for the blue-shifted spectra.24-26 In the Q-band region relatively sharp absorptions 
at 620 and 680 nm were still visible, which might indicate the presence of leftover monomeric 
species. The difference between tBUTpheCuP and DMOpropP could have several different 
causes. It might be that the amount of dissolved polymer is higher compared to the residual 
monomeric Pcs because of better solubility or a higher conversion in the case of 
tBUTpheCuP or the interaction between the Pc groups in tBUTpheCuP is better because of 
a different packing of the tert-butyl groups. The formation of H-aggregates generally also 
results in a quenching of the fluorescence of chomophores.23 Therefore attempts were made 
to study the fluorescence spectra, however, the sensitivity of the CuPc for oxygen resulted in 
completely quenched spectra for both the monomer and the polymer.
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Figure 9. UV-vis spectra of monomer 12 and the reaction mixture of its polymerization in chloroform (A) and a schematic 
representation of 2 stacked Pcs with the slip angle indicated(B).
In the CD-spectrum of tBUTpheCuP, very weak Cotton effects were observed at 345 and 
650 nm (Figure 10), resulting from the ordering of the phthalocyanines along the chiral 
polymer backbone. The observed CD-intensities are considerably lower in comparison to 
those exhibited by the previously reported porphyrin- and perylene-functionalized 
polyisocyanides.14, 15 This could be the result of overestimation of the amount of polymer 
present in the solution because of a large amount of residual monomeric species in the 
sample. It could also be that the phthalocyanine moieties are not perfectly aligned along the 
backbone of the polymer or the monomers were mainly converted into oligomers instead of 
polymers. The latter can be caused by the bulkiness of the tert-butyl groups, the presence of 
different regioisomers of the Pc-moiety, or by the rigidity of the connection between the 
phthalocyanine and the polymer backbone.
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Figure 10. CD-spectrum of the purified reaction mixture of tBUTpheCuP in dichloromethane.
AFM studies of a spincoated solution of tBUTpheCuP in dichloromethane on mica showed 
the presence of rod-like species with an average length of 25 ± 2 nm (Figure 11A). Some of 
the rods reached lengths of up to 1 0 0  nm. On average, these rods are considerably shorter 
than those observed in the case of DMOpropP. The decrease in length is probably due to 
the presence of bulky tert-butyl groups and/or the rigid linker present in the monomer, which 
could hamper polymer growth. The apparent height of 2.5 ± 0.1 nm of the rods is also 
considerably lower than that observed for DMOpropP. This could be the result of the 
formation of a different conformation of the polymer, because of the bulky nature of the tert- 
butyl groups. However, further studies are necessary to determine the exact nature of these 
rods. Compared to the AFM image of DMOpropP, less residual monomers were present at 
the surface, which is also apparent from the smoother cross section shown in Figure 11B.
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Figure 11. AFM image of a mica surface on which a solution of tBUTpheCuP was spincoated (A) and a cross section
corresponding to the white line (B).
The UV-vis spectrum of tBUTpheP in dichloromethane showed a blue-shifted shoulder in the 
Q-band region at 600 nm and a general broadening of the whole spectrum (Figure 12A), 
again indicating a cofacial arrangement of the phthalocyanine functions. In contrast to the 
CuPc, the free base Pc monomer showed strong fluorescence. Upon exciting the polymer at 
a wavelength of 670 nm, the fluorescence emission revealed a quenching effect, as 
expected for H-aggregates, and the remaining fluorescence is probably emitted by residual 
monomers (Figure 12B).23 The formation of the aggregates, however, did not result in a 
transfer of chirality from the polymer backbone to the Pc moieties, as no Cotton-effects were 
observed in the CD-spectrum.
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Figure 12. UV-vis (A) and fluorescence emission spectra upon excitation at 670 nm (B) of monomer 18 and polymer
tBUTpheP.
AFM analysis of a spincoated solution of tBUTpheP on mica showed the presence of small, 
rod-like species with an average length of 34 ± 1 nm, which is in the same range as the rods 
formed by tBUTpheCuP, and an apparent height of 1.7 ± 0.1 nm (Figure 13). This height 
corresponds roughly with the diameter of a single Pc, which is too small for the expected 
helical polymers. Either the polymer adapts a different confirmation or these rods are formed 
by stacks of residual monomers. When a solution of monomer 28 was spincoated on mica, 
no rod-like species could be observed, which suggests that some type of polymer or possibly 
an agglomeration of oligomers is responsible for the observed AFM pictures. It is possible 
that the bulky nature of the Pc moieties hampers the folding of the polymer into the expected 
helix and therefore a different conformation is formed that results is a smaller thickness of the 
rods. However, also here further studies are necessary to determine the exact nature of 
these rods. As observed in previous research on polyisocyanides,27, 28 all attempts to 
determine the molecular weight using GPC or MALDI-MS analysis were unsuccessful due to 
the rod-like nature of these type of polymers.
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Figure 13. AFM image of a solution of tBUTpheP spin-coated on a mica surface (A) and a cross section corresponding to the
white line in A (B).
5.3 Conclusions
It was shown that covalent, nanometer-long arrays of phthalocyanines can be synthesized 
using polyisocyanopeptides as a scaffold. DMOpropP, which has dimethyloctyl chains at the 
periphery of the Pcs and flexible propyl linkers between the Pc moieties and the 
polyisocyanopeptide chain appeared to be present as rod-like chains of 190 ± 13 nm in 
length on a mica surface. However, CD and UV-vis studies indicated a lack of transition 
dipole interactions between the Pcs, which had been observed in the previously studied 
porphyrin- 14 and perylene- 17 functionalized polyisocyanopeptides. Due to the troublesome 
purification encountered during the syntheses of the isocyanide monomer and DMOpropP, 
new isocyanide monomers were designed with more bulky tert-butyl groups and a more rigid 
linker between the Pc moiety and the polymer backbone. The rods of the resulting 
polyisocyanide tBUTpheCuP had an average length of 25 ± 2 nm. UV-vis spectroscopic 
analyses of this species indicated the presence of dipole coupling originating from the close 
proximity of the Pc-moieties along the polymer chain. The free base Pc analogue of this 
polymer, tBUTpheP showed similar spectroscopic changes, and quenching of the 
fluorescence emission. On a mica surface rods with an average length of 34 ± 1 nm were 
observed, but in both cases the height of the rods was lower than expected for a Pc 
isocyanide. The bulky nature of the tert-butyl goups probably results in the formation of a 
different conformation, but further studies are necessary to determine the exact nature of 
these rods.
5.4 Experimental
5.4.1 General experimental
All solvents and other chemicals were commercial products and used as received, unless 
stated otherwise. Column chromatography was performed using ACROS silica gel (40-60 
^m). TLC-analyses were carried out on silica 60 F254 coated glass from Merck and the 
compounds were visualized using UV-light and/or by charring at ~150 °C after dipping into a 
solution of KMnO4 or Ninhydrine. 1H-NMR and 13C-NMR spectra were recorded on a Bruker 
DMX 300 (300 MHz), a Bruker DPX 200 (200 MHz), and a Varian Unity Inova 400 (400 MHz) 
instrument. Chemical shifts are given in ppm with respect to tetramethylsilane (TMS) as 
internal standard. Coupling constants are reported as J-values in Hz. Infrared spectra were
137
Chapter 5
recorded on a ThermoMattson IR300 spectrometer equipped with a Harrick ATR unit and the 
compounds were measured as a solid or an oil. Mass spectrometry measurements were 
performed on a JEOL Accutof (ESI) or Thermo lC q  machine, and MALDI-TOF 
measurements were conducted on a Bruker Biflex III instrument, with dithranol as the matrix. 
UV-visible spectra were recorded on a Varian Cary 50 spectrometer and fluorescence 
spectra on a Perkin Elmer Luminescence spectrometer LS50B. AFM samples were made by 
spincoating (1200 RPM) a 10-6 M solution of the polymers in DCM or CHCl3 onto freshly 
cleaved Muscovite Mica. All AFM images were recorded on a Multimode IV microscope 
controlled with a Nanoscope III controller (Digital Instruments, Santa Barbara CA) operating 
in tapping mode in air at room temperature with a resolution of 512 * 512 pixels using 
moderate scan rates (1-2 lines/sec.). Commercial tapping-mode tips (NSG10, NT-MDT) 
were used with a typical resonance frequency around 300 kHz. CD spectra were recorded on 
a Jasco 810 instrument equipped with a Peltier temperature control unit. Elemental analyses 
were carried out on a Carlo Erba 1180 instrument.
5.4.2 Synthesis
The synthesis of 4-(3-phthalimidopropyloxy)phthalonitrile, bis((S)-3,7- 
dimethyloctyl)phthalonitrile and 4-(4-phthalimidophenyl)phthalonitrile were described in the 
previous chapter.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-(3-phthalimido-1- 
propyloxy)phthalocyanine]copper(II) 1
A solution of 371 mg (1.12 mmol) of 4-(3-phthalimidopropyloxy)phthalonitrile, 1.375 g (3.36 
mmol) of dimethyloctylphthalonitrile, 301 mg (2.24 mmol) of CuCl2, and 341 mg (2.24 mmol) 
of DBU in 3 ml of 1-pentanol was refluxed for 16 h. After cooling to rt, the reaction was 
quenched with acetic acid and the crude product was precipitated in methanol. The residue 
was filtered off and purified by column chromatography on silica (eluent: 0-2% MeOH in 
CHCl3) to give 1 as a dark purple solid. Yield 700 mg (0.43 mmol, 39%, mixture of mono-, di- 
and tri-functionalized Pc). MS (MALDI-TOF) m/z calcd for C103H145CuN9O3: 1619.08, found 
1618.84.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-(3-amino-1- 
propyloxy)phthalocyanine]copper(II) 2
Hydrazine hydrate (2 ml, 62 mmol) was added to a solution of 700 mg (0.43 mmol) of 1 in 
100 ml of THF and the mixture was refluxed until MALDI-TOF analysis showed that 
deprotection was complete (approximately 3 h). After the solvent had been evaporated in 
vacuo, the residue was purified by column chromatography using a short silica column 
(eluent: 0.5% Et3N and 0-7% MeOH in CHCl3 (v/v/v)) and dissolved in 50 ml of CHCl3 and 
precipitated with 100 ml of MeOH to give compound 2. Yield 350 mg (0.24 mmol, 55%) of a 
dark purple solid. MS (MALDI-TOF) m/z calcd for C95H143CuN9O: 1489.07, found 1489.04; IR 
v (cm-1): 3360, 2922, 2865, 1716, 1609, 1461, 1343, 1239, 1102, 893, 747.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-[(3-propyloxy)-L-alanine-W-(9- 
fluorenylmethoxycarbonyl)]phthalocyanine]copper(II) 3
Thionyl chloride (900 mg, 7.5 mmol) was added to a solution of 235 mg (0.76 mmol) of N-(9- 
fluorenylmethoxycarbonyl)-L-alanine in 20 ml of CH2Cl2 and the mixture was refluxed for 3 h 
under an inert atmosphere. Evaporating the solvent in vacuo yielded the corresponding acid 
chloride which was used without further purification. A solution of the acid chloride in 20 ml of 
CH2Cl2 was added dropwise to 350 mg (0.24 mmol) of 2 and 500 mg of NaHCO3 in 100 ml of 
CH2Cl2 over a period of 10 minutes at 0 °C. The mixture was stirred until MALDI-TOF 
analysis showed that conversion was complete (approximately 2 h). It was then washed with 
water (2 * 50 ml) and brine (50 ml). The organic layer was dried with Na2SO4 and evaporated 
in vacuo, and the residue was purified by column chromatography over silica (eluent: 0- 1 % 
MeOH in CHCl3 (v/v)) to give 150 mg (0.084 mmol, 36%) of 3 as a dark blue solid. MS
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(MALDI-TOF) m/z: calcd for C m H ^ C u N ^ :  1782.18, found 1782.27; IR v (cm'1): 3313, 
2923, 2853, 1674, 1461, 1342, 1202, 1141, 843, 746.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-[(3-propyloxy)-L- 
alanine]phthalocyanine]copper(II) 4
A solution of 150 mg (0.084 mmol) of 3 and 35 mg (0.4 mmol) of piperidine in 10 ml of CHCl3 
was stirred at rt for 2 h. The mixture was washed with water (2 * 25 ml) and the organic layer 
was concentrated in vacuo. The residue was purified by column chromatography using a 
short silica column (eluent: 1% Et3N and 0-7% MeOH in CHCl3 (v/v/v)) to give 50 mg (0.032 
mmol, 38%) of 4 as a blue solid. MS (MALDI-TOF) m/z calcd for C98H148CuN10O2: 1560.11, 
found 1559.57; IR v (cm’1): 3285, 2924, 2865, 1672, 1609, 1462, 1343, 1235, 1101, 895, 
748.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-[(3-propyloxy)-L-alanine-N- 
formyl]phthalocyanine]copper(II) 5
To a solution of 50 mg (0.032 mmol) of 4 in 20 ml of CHCl3 was added 22 mg (0.096 mmol) 
of 2,4,5-trichlorophenyl formate. After the reaction mixture had been stirred for 16 h, it was 
washed with 10% (v/v) aqueous Na2CO3 solution (25 ml) and water (25 ml). The organic 
layer was dried with NaSO4 and concentrated in vacuo. The residue was purified by column 
chromatography over silica (eluent: 0.5% MeOH in CHCl3 (v/v)) to give 30 mg (0.0019 mmol, 
59%) of 5 as a blue solid. MS (MALDI-TOF) m/z calcd for C99H148CuN10O3: 1588.10, found 
1587.71; IR v (cm-1): 3284, 2921, 2851, 1713, 1646, 1461, 1101, 747.
[9,10,16,17,23,24-Hexakis((S)-3,7-dimethyloctyl)-2-[(3-propyloxy)-L-alanine- 
isocyanide]phthalocyanine]copper(II) 6
A solution of 1.88 mg (0.0095 mmol) of diphosgene in 10 ml of CHCl3 was added dropwise to 
a solution of 30 mg (0.0019 mmol) of 5 and 4.8 mg (0.047 mmol) of N-methylmorpholine in 
15 ml of CHCl3 at -30 °C under an inert atmosphere. More equivalents of N- 
methylmorpholine and diphosgene were added if needed until M ALDI-tO f indicated that 
conversion was complete. The reaction was purified by loading the mixture on a short SEC 
column (Bio Beads® S-X1 Beads, 200-400 mesh) and eluting the product with CHCl3 to give 
6 dissolved in CHCl3. This solution was immediately used for the polymerization experiments. 
MS (MALDI-TOF) m/z calcd for C99H146CuN10O2: 1570.09, found 1570.24.
[9,16,23-Tri(fert-butyl)-2-(4-phthalimido-1-phenoxy)phthalocyanine]copper(II) 7 (only 
one regioisomer is mentioned)
Using 570 mg (1.56 mmol) of 4-(4-phthalimidophenyl)phthalonitrile and 5 equivalents of 4- 
terf-butylphthalonitrile as starting materials and following the same procedure as described 
for the synthesis of 1 , phthalocyanine 7 was synthesized. Purification was carried out by 
column chromatography over silica (eluent: 0-5% MeOH in CHCl3 (v/v)) to give 0.98 g (1.0 
mmol, 64%, mixture of mono-, di- and tri-functionalized Pcs) of 7 as a dark purple solid. MS 
(MALDI-TOF) m/z calcd for C5 8H47C u ^O 3 : 980.31, found 980.43; IR v (cm-1): 2955, 1719, 
1610, 1505, 1378, 1233, 1090, 827, 746, 715.
[9,16,23-Tri(fert-butyl)-2-(4-amino-1-phenoxy)phthalocyanine]copper(II) 8 (only one 
regioisomer is mentioned)
Phthalocyanine 8 was synthesized following the same procedure as described for the 
synthesis of 2, using 960 mg (0.98 mmol) of 7 as starting material. The residue was purified 
by column chromatography over silica (eluent: 0.5-1.25% Et3N in CHCl3 (v/v)) to give 400 mg 
(0.47 mmol, 48%) of 8 as a dark purple solid. MS (MALDI-TOF) m/z calcd for C50H45CuN9O: 
851.31, found 851.48.
[9,16,23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine-N-(9-fluorenyl- 
methoxycarbonyl)]phthalocyanine]copper(II) 9 (only one regioisomer is mentioned)
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Phthalocyanine 9 was synthesized following the same procedure as described for the 
synthesis of 3, using 400 mg (0.47 mmol) of 8 as starting material. Compound 9 was 
obtained as a dark purple solid, 425 mg (0.37 mmol, 79% yield). MS (MALDI-TOF) m/z calcd 
for C68H60CuN10O4: 1143.41, found 1143.39.
[9,16,23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine]phthalocyanine]copper(II) 10 (only one 
regioisomer is mentioned)
Phthalocyanine 10 was synthesized following the same procedure as described for the 
synthesis of 4, using 425 mg (0.37 mmol) of 9 as starting material and DMF as the solvent. 
The solvent was azeotropically evaporated with toluene. The residue was purified by column 
chromatography over silica (eluent: 1% Et3N and 1-7% MeOH in CHCl3 (v/v/v)) to afford 300 
mg (0.31 mmol, 86%) of 10 as a dark purple solid. MS (MALDI-TOF) m/z calcd for 
C53H50CuN10O2: 921.34, found 921.50; IR v (cm-1): 3384, 2955, 2857 1690, 1613, 1504, 
1402, 1229, 1091, 1050, 827, 747, 670.
[9,16,23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine-W-formyl]phthalocyanine]copper(II) 11 
(only one regioisomer is mentioned)
Phthalocyanine 11 was synthesized following the same procedure as described for the 
synthesis of 5, using 280 mg (0.30 mmol) of 10 as starting material. The residue was purified 
by column chromatography over silica (eluent: 1-3% MeOH in CHCl3 (v/v)) to give 70 mg 
(0.07 mmol, 25%) of 11 as a dark purple solid. MS (MALDI-TOF) m/z calcd for 
C54H50CuN10O3: 949.34, found 949.18; IR v (cm-1): 3385, 2954, 2855, 1662, 1614, 1504, 
1227, 1024, 1001, 746.
[9,16,23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine-isocyanide]phthalocyanine]copper(II)
1 2  only one regioisomer is mentioned)
Phthalocyanine 12 was synthesized following the same procedure as described for the 
synthesis of 6 , using 68 mg (0.07 mmol) of 1 1  as starting material and CH2Cl2 as the solvent. 
In this case the reaction was quenched with a saturated aqueous NaHCO3 solution (50 ml) 
and the mixture was extracted with 2 * 50 ml of CH2Cl2, the combined organic layers were 
washed with 2 * 50 ml water, dried with Na2SO4, and evaporated in vacuo. The residue was 
purified by column chromatography over silica (eluent: 1-2% MeOH in CHCl3 (v/v)) to give 10 
mg (0.01 mmol, 15%) of 12 as a dark purple solid. MS (MALDI-TOF) m/z calcd for 
C54H48CuN10O2: 931.33, found 931.28; IR v (cm-1): 3314, 2954, 2851, 2135 (CN), 1689, 1613, 
1505, 1479, 1405, 1228, 1092, 1050, 943, 826, 746.
9.16.23-Tri(fert-butyl)-2-(4-phthalimido-1-phenoxy)phthalocyanine 13 (only one 
regioisomer is mentioned)
Using 1.00 g (2.7 mmol) of 4-(4-phthalimidophenyl)phthalonitrile and 5 equivalents of 4-tert- 
butylphthalonitrile as starting materials and following the same procedure as described for 
the synthesis of 7, but in the absence of CuCl2, compound 13 was obtained in a yield of 350 
mg (0.38 mmol, 38%) as a dark purple solid (a mixture of mono, di and tri functionalized 
Pcs). MS (MALDI-TOF) m/z calcd for C58H49^ O 3: 921.40, found 921.38; IR v (cm-1): 2955, 
1719, 1607, 1504, 1466, 1377, 1232, 1089, 1009, 827, 745, 715.
9.16.23-Tri(fert-butyl)-2-(4-amino-1-phenoxy)phthalocyanine 14 (only one regioisomer 
is mentioned)
Phthalocyanine 14 was synthesized by the same procedure as used for the synthesis of 2, 
using 270 mg (0.29 mmol) of 13 as starting material. The residue was purified by column 
chromatography over silica (eluent: 0.5% Et3N in CHCl3 (v/v)) to give 150 mg (0.19 mmol, 
65%) of 14 as a dark blue solid. MS (MALDI-TOF) m/z calcd for C50H47N9O: 789.39, found 
789.49.
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9.16.23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine-N-(9-fluorenylmethoxy- 
carbonyl)]phthalocyanine 15 (only one regioisomer is mentioned)
Phthalocyanine 15 was synthesized by the same procedure as used for the synthesis of 3, 
using 210 mg (0.27 mmol) of 14 as starting material. Compound 15 was obtained in a yield of 
200 mg (0.18 mmol, 69%) as a dark purple solid. MS (MALDI-TOF) m/z calcd for 
C68H62N10O4: 1082.50, found 1082.67
9.16.23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine]phthalocyanine 16 (only one 
regioisomer is mentioned)
Phthalocyanine 16 was synthesized by the same procedure as used for the synthesis of 10, 
using 200 mg (0.18 mmol) of 15 as starting material. Compound 16 was obtained in a yield of 
125 mg (0.15 mmol, 79%) as a dark purple solid. MS (MALDI-TOF) m/z calcd for 
C53H52N10O2: 860.43, found 860.59
9.16.23-Tri(fert-butyl)-2-[(4-phenoxy)-L-alanine-W-formyl]phthalocyanine 17 (only one 
regioisomer is mentioned)
Phthalocyanine 17 was synthesized by the same procedure as used for the synthesis of 11, 
using 80 mg (0.094 mmol) of 16 as starting material. Compound 17 was obtained in a yield of 
35 mg (0.039 mmol, 42%) as a dark purple solid. 1H-NMR (300 MHz, CDCfe): 5 9.65 (s, 1H), 
8.94-6.99 (m, broad, 16H), 5.34 (m, 1H) 5.14 (m, 1H), 1.80-1.25 (m, broad, 30H), -4.04 (s, 
2H); MS (MALDI-TOF) m/z calcd for C54H52N10O3: 888.42, found 888.54; IR v (cm-1): 3285, 
2920, 2850, 1660, 1613, 1503, 1466, 1223, 1090, 1010, 745.
9.16.23-Tri(fert-butyl)-2-[(4-phenoxy)- L-alanine-isocyanide]phthalocyanine 18 (only 
one regioisomer is mentioned)
Phthalocyanine 18 was synthesized by the same procedure as that used for the synthesis of
22, using 55 mg (0.062 mmol) of 17 as starting material. Compound 18 was obtained as 40 
mg (0.046 mmol, 74%) of a dark purple solid. 1H-NMR (300 MHz, CDCh): 5 9.00-7.16 (m, 
broad, 16H), 5.34 (m, 1H), 2.05-0.88 (m, broad, 30H), -3.76 (s, 2H); 13C-NMR (75 MHz, 
CDCl3): 5 187.3, 179.4, 164.3, 153.0, 132.0, 127.5, 122.7, 119.9, 54.0, 35.9, 32.1, 29.7, 19.9; 
MS (MALDI-TOF) m/z C54H50N10O2: 870.41, found 870.29; IR v (cm-1): 3290, 3073, 2856, 
2856, 2136 (CN), 1687, 1613, 1504, 1468, 1227, 1090, 1012, 746.
General polymerization procedure
The isocyanide of choice (6 , 12 or 18) was dissolved into a few milliliters of solvent (CH2Cl2 
or CHCl3). A stock solution of Ni(ClO4)2 6 H2O solution was prepared by first dissolving the 
nickel salt in a minimum amount of ethanol and diluting it with the same solvent as the one 
used for the reaction. The two solutions were combined such that the molar ratio of 
nickel:isocyanide was 1:30 or 1:300. The reaction mixture was stirred in the dark for several 
days, until MALDI-TOF analysis showed that no isocyanide was present anymore. The 
reaction mixture was purified by evaporating the solvent in vacuo and precipitating the 
polymers by dissolving them in a small amount of chloroform and adding methanol until 
precipitation occured. All attempts to purify the polymers using column chromatography were 
unsuccessful due to the irreversible adsorption of the product to the glass filters and cotton.
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Creation of Command Layers 
by Surface Modification
Chapter 6
In order to obtain long-range control over the formation of self-assembled arrays of functional 
molecules on surfaces it is also possible to first modify these surfaces by patterning. This 
chapter describes the modification of indium tin oxide-covered glass substrates by using 
microcontact printing with alkyl- and pyridyl- functionalized silanes, in order to introduce long 
range order to the surface. Subsequently the self-assembly of the previously described 
porphyrin trimers on top of these modified surfaces was studied. The surface-attached alkyl 
tails can direct self-assembly to some extent, but no long range order was observed. The 
surfaces patterned with pyridyl-functionalized silanes induced the growth of micrometer long 
fibers of zinc-functionalized porphyrin trimers from the surface.
Chapter 6
6.1 Introduction
Glass covered with a thin layer of indium tin oxide (ITO) is used as an electrode in numerous 
opto-electronic applications because of its excellent transmittance of visible light,1 low 
resistivity,2, 3 and the possibility of modification through chemical etching procedures.4 It is 
used as an electrode in, for instance, organic light-emitting diodes (OLEDs),5 organic field 
effect transistors (OFETs),6 organic photovolaics7 and inorganic solar cells.8
In order to optimize the functionality of or add new properties to a device, methods have 
been developed to modify the surface of the ITO electrodes by the formation of self­
assembled monolayers (SAMs)9-12 on their surface. Several types of compounds have been 
used for the formation of SAMs, such as carboxylic acids,13, 14 amines,15 phosphonic 
acids,16-18 chlorosilanes19 or alkoxysilanes.20 Especially in the last two cases a network of 
covalent bonds ensures stability of the formed layers, and for that reason these compounds 
were chosen for the modification of ITO surfaces described in this chapter. In the literature 
already numerous examples of the effect and applications of silane modified ITO surfaces 
have been reported. In the following sections a short overview of ITO-based devices will be 
given.
6.1.1 Device performance
The presence of a SAM has of course an influence on the conductive properties of an ITO 
electrode. In OLEDs (Figure 1), for instance, the interfacial contact between the organic 
components and the electrode can change upon the addition of a SAM and as a result the 
charge transport between them can be hampered or improved by the nature of the SAM.
Figure 1. Schematic representation of two different types of two-layer OLEDs, where ITO is commonly used as the anode and 
the organic components are sandwiched between the electrodes. ETM stands for electron transport layer and HTM for hole
transport layer.21
The contact between the active organic layer of a device and the bare ITO surface is usually 
not ideal.22 Silanation of this surface has proven to be useful to prevent leakage of indium 
into the organic layer23 and to improve the device performance.19, 24-33 Lee et al., for 
instance, have synthesized a triphenylamino-functionalized triethoxysilane, of which a 
monolayer significantly improved the interaction of a layer of N,N-bis(3-methylphenyl)-N,N’- 
diphenyl-1,1’-biphenyl-4,4’-diamine with the ITO electrode.20 The SAM-functionalized OLEDs 
showed higher brightness and could endure higher currents when compared to devices 
without a SAM.
Chong and coworkers have shown that the use of more simple and readily available silanes 
can also result in the improvement of device performance.34 They reported that a 
phenyltriethoxysilane monolayer on ITO can enhance the hole injection into a N,N’-
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di(naphthalene-1-yl)-N,N’-diphenylbenzidine film, whereas a SAM of aminopropyl-methyl- 
diethoxysilane showed a blocking effect to the hole injection.
6.1.2 Applications
As mentioned before, in addition to the improvement of device performance, ITO surfaces 
can also be modified to introduce new functionalities. For example, a variety of (bio)sensors35 
have been developed by combining silanes with molecules that selectively interact with nitric 
oxide,36 cholesterol,37, 38 thrombin,39 DNA,40-42 and even whole E-coli cells.43
The device fabrication is usually based on covering the whole ITO surface with functional 
groups, such as amines or epoxides, and then reacting them with the desired functional 
molecules, such as antibodies or enzymes. An early example of a silane-functionalized ITO 
sensor was used to study streptavidin-biotin binding. The very strong binding between biotin 
and streptavidin is kinetically irreversible and could be observed with the help of fluorescence 
spectroscopy. A fluctuating voltage was applied over the system using the ITO surface as 
one of the electrodes and the resulting polarization of the surface induced the dissociation of 
the streptavidin-biotin complex, which regenerated the sensor.44
Moore and coworkers recognized that an added feature of using ITO was that both optical 
and electrochemical detection of analytes in a sensor device is possible. They developed a 
DNA sensor assay using a 3-aminopropyltrimethoxysilane (APTS) based SAM on ITO.40 The 
monolayer was functionalized with 1,4-phenylene diisothiocyanate, which facilitates DNA 
immobilization. In follow-up studies the researchers introduced a disulfide bond for selective 
release of the immobilized biomolecules, which makes the biosensor device reusable (see 
Figure 2).45
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Figure 2. Reaction profile for disulfide attachment chemistry in a DNA sensor assay, showing (1) attachment of a silane anchor 
to an ITO surface, (2) reaction with 2-(2-pyridinyldithio)-ethanamine hydrochloride and formation of the disulfide bond, (3) 
covalent attachment of the cross-linker molecule 1,4-phenylene diisothiocyanate, (4) immobilization of DNA and hybridization of 
the complementary DNA strand labeled with the Cy3 fluorophore, and (5) cleavage of the disulfide bond and restoration of the
thiol functionality on the surface.45
6.1.3 Patterned surfaces
A well-prepared SAM covers the entire surface in a very dense and monodisperse fashion. 
However, for some applications such a full coverage is not desirable and patterned surfaces 
are more useful. For instance, in liquid-crystal display (LCD) technology, a precise control 
over the orientation of the liquid crystals (LCs) is necessary and this can be obtained by a 
careful construction of so-called alignment or command layers on a surface (Figure 3).46 The 
industrial manufacture of such surfaces generally involves the mechanical rubbing of a layer 
of spincoated polymers to create grooves that align the LCs.47, 48 However, the process is 
difficult to control over large surfaces resulting in imperfections, which lead to dead pixels. As 
a popular alternative, photoalignment techniques49-51 can be used to create alignment layers, 
however, thermal stability, interaction with the LC molecules and control over their orientation 
is in general worse than in the case where the conventional rubbing technique is used. The 
rubbing step can also be eliminated by using the tip from a scanning probe microscope to 
create the grooves,52'54 but this technique cannot be easily scaled up to create alignment 
layers on an industrial scale.
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Figure 3. Schematic depiction of the two states of a single pixel in an LCD based on twisted nematic LC cells. A: The liquid 
crystals align along the alignment layers and gradually change direction from one electrode to the other allowing light to pass 
through the crossed polarizers; B: After an electric field is applied most LC molecules align along the electric field and the pixel
becomes dark.55
Hoogboom et al. have shown that the grafting of an ITO surface with certain silane 
derivatives can give alignment layers without the need for further surface treatment.56 The 
silane was functionalized with an amide group and a naphthalene unit, and readily 
oligomerizes in solution, promoted by the favorable intermolecular hydrogen bonding and p-p 
interactions. Parallel to the oligomerization in solution, grafting of the silanes onto the ITO 
surface takes place. By tuning the rates of these two processes (oligomerization and 
grafting), nanosized grooves already present in the ITO surface were amplified over a 
thousand times, resulting in a surface that is capable of aligning LCs. The alignment 
properties of these silane layers were comparable to those observed for conventional rubbed 
polymer layers.
In follow-up research the same researchers were able to control and tune the alignment of 
the LC domains by using a pyridyl-containing silane in combination with phenyltriethoxysilane 
on the ITO surface.57 The pyridine function was used as a metal binding site to template the 
epitaxial growth of columnar aggregates of zinc phthalocyanines, which grew up to 50 nm in 
height (Figure 4). The phenyltriethoxysilane was used in excess with respect to the pyridine- 
functionalized one (9:1) to reduce the amount of pyridine moieties at the surface, which 
proved essential for an optimal binding of the phthalocyanines. By applying a shear flow, the 
surface was capable of creating a uniform macroscopic alignment in LCDs. The addition of 
amines or other coordinating molecules to the liquid crystal cell in nanomolar or micromolar 
amounts resulted in the dissociation of the phthalocyanine aggregates and a loss of 
alignment.
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Figure 4. A: Molecular structure of the pyridine-functionalized silane and the zinc phthalocyanine used by Hoogboom et al.; B: 
AFM image of a pyridyl- phthalocyanine-functionalized ITO surface, with a schematic representation of the phthalocyanine
stacks.57 The scale bar is 1 mm
It is not necessary to use complex silane derivatives to achieve control over the alignment of 
liquid crystals. Zhang et al. have shown that a surface covered with very simple n-octadecyl- 
functionalized silanes can be used to construct intricate designs for LC applications.58 After 
growing a SAM on the ITO surface, part of it can be removed by means of mask 
photolithography. Using a square pattern as a mask, this method proved successful to 
construct very small isolated LC cells, which resulted in lower operating voltages, faster 
switching speeds and reduced crosstalking during switching, and which paved the way for 
switchable high viewing-angle displays.
Also for light-emitting devices (LEDs), the use of patterned surfaces can be desirable. In 
general, the whole surface is covered with a SAM and several different types of lithography 
can then be used to remove part of it to create a patterned layer. Luscombe et al., for 
instance, have reported the formation of patterns on ITO by using a focused ion beam,59 
while Asakura et al. used ultraviolet light with a wavelength of 172 nm in vacuum.60 The 
silanes are often used as a protective coating and the non-coated ITO is subsequently 
removed by etching, leaving the coated ITO patterns intact. This creates well-defined ITO 
patterns which can be used in LED devices.
An alternative to lithography is microcontact printing (mCP, see Figure 5). This technique was 
developed in the lab of Whitesides61 and has proven to be very versatile.62-64 An inverted 
pattern is created on a master, usually by lithography of a silicon wafer, and this master can 
subsequently be used as a mold to create a multitude of stamps for the patterning of a 
surface. Because only one lithography step is necessary to create multiple stamps, and thus 
patterned surfaces, the mCP approach is considerably cheaper than using lithography for all 
steps. In addition, all steps after the first lithography step are low-tech and can be performed 
without any expensive lab equipment.
Polydimethylsiloxane (PDMS) is the most commonly used material to create the stamps, 
because it is inert, non-toxic, non-flammable, and its rubberlike behavior is ideal to achieve a 
good transfer of material during mCP. After creation of the stamp it can be inked using a 
solution of a wide variety of molecules, usually some form of SAM-forming ones. The 
molecules are transferred to a surface by pressing the stamp on it. Only the high features of 
the stamp are transferred, and as a result a patterned surface is created (Figure 5).
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Figure 5. Schematic representation of creating a patterned ITO surface by mCP. After the PDMS prepolymer is poured onto the 
master and cured (A), it is peeled off (B) and inked with a solution of RSiCl3 (C). The stamp is transferred to the freshly cleaned 
ITO surface and pressure is applied to ensure contact over the entire surface (D). After the removal of the stamp the surface is 
washed and a patterned ITO surface is obtained (E). Adapted from ref.65
Koide and coworkers were the first to use the mCP technique to create patterns of 
alkylsilanes on ITO.65, 66 Because of the low reactivity of the ITO surface the samples had to 
be heated to 80°C to ensure bond formation between the surface and the silanes. The 
patterned ITO was used as an anode in an OLED device. Depending on the length of the 
alkyl chain, the emission of the stamped area changed. Silanes with C12 chains greatly 
reduced the emission, while with silanes with C18 chains no significant emission could be 
observed anymore. The silane acts as a hole-blocking layer, and this approach allowed the 
construction of pixels down to 1 mm in size.
6.1.4 Aim
The previous chapters have reported several attempts to create well-defined patterned 
surfaces by self-assembly and dewetting, with the aim to use them as alignment layers for 
liquid crystal molecules. Because the balance between self-assembly of molecules and 
physical dewetting is very delicate, it has so far been difficult to obtain control over pattern 
formation. The dimensions of those patterns are mainly governed by the solvent, the surface 
and the dissolved molecules and it has been shown that, when changing the solvent or the 
surface, no regular line patterns are observed.67
This chapter reports the research into assembling the porphyrin trimers reported in chapter 3 
on surfaces prepared with mCP. If the patterning of the surface can influence the pattern 
formation it will be possible to control the dimensions of the pattern by changing the stamp 
used in the mCP process. Because the stamps can be easily created using, for instance, 
silicon wafers modified by photolithography, a wide variety of patterns can be obtained. If this 
is successful the patterns can be used as command layers for liquid crystals.
6.2 Results and Discussion
In literature a wide variety of ITO surfaces are being used, differing in the ratio of indium and 
tin and surface roughness, which is mainly because some researchers use their own setup to 
make the surfaces,40 while others buy them from several different manufacturers. Also the 
silanation conditions in the subsequent functionalization step vary from refluxing for several
hours44 or even days,6 
temperature.56
to sonicating,59 or to just putting the surface in solution at room
In addition, several completely different surface treatment methods have been described, 
both in order to clean the surface and to increase the amount of hydroxides, for example by
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using 5 M aqueous sodium hydroxide,41 ammonia and hydrogen peroxide,68, 69 piranha 
solution,70 oxygen plasma,7, 71 ozone15 or just rinsing with a variety of solvents.71 The effect of 
these treatments on the final hydroxide content and reactivity of the surface is not easy to 
determine.72, 73 It is clear, though, that the method of cleaning has a influence on the 
properties of the ITO surface.71-75
In order to ensure reproducibility it was decided to use commercially available ITO samples 
and to clean them by rinsing with a variety of solvents in combination with ozone treatment. 
The advantages of the ozone treatment are that it does not modify the roughness of the ITO 
surface, it ensures the removal of the majority of organic contaminants, and it enhances the 
hydroxide content of the surface and thus increases the number of reactive sites.
6.2.1 Microcontact printing on ITO
The first patterning experiments were carried out using glass samples instead of ITO, 
because the higher amount of surface hydroxy groups on glass compared to ITO makes the 
glass surface more reactive.76 The best patterning results are generally obtained when 
relatively high molecular weight silanes are used as ink, because low molecular weight 
silanes, such as 3-(aminopropyl)triethoxysilane, diffuse faster over the surface and this often 
results in a loss of definition of the pattern. It was decided to use octadecyltrichlorosilane 
(OTS) for the initial experiments, because it has been used before in mCP and is known to 
form well-defined patterns.77-79 The glass surface was patterned using stamps with a line 
pattern (10 mm deposition with 5 mm space in between) and the resulting surface was studied 
by atomic force microscopy (AFM). The roughness of the glass surface significantly 
hampered a detailed observation of the line patterns in the topography mode of the AFM, but 
the AFM phase images clearly showed their presence (Figure 6).
Figure 6. AFM images of a glass substrate modified with a line pattern (10 mm transfer and 5 mm spacing), of OTS using mCP 
with PDMS stamps, showing both the height profile (A) and the phase (B). The inset shows the profile of the cross-section along
the line in the AFM height image.
The ITO surfaces were considerably less rough and were, therefore, more suitable to study 
the pattern formation. Because of the conductive properties of the ITO it is also possible to 
study the pattern formation with scanning electron microscopy (SEM), which is more suitable 
for studying large surface areas. Initial experiments were unsuccessful due to the limited
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reactivity towards OTS of ITO compared to glass. By heating up the ITO samples to around 
70 prior to the stamping procedure, the reactivi ty increased and the patterning of the ITO 
was successful. The SEM image (Figure 7 A) shows that the line pattern is present and it 
could be observed all over the patterned area (1 cm2). The AFM image (Figure 7B) also 
shows the presence of a line pattern on the surface.
Figure 7. SEM (420 * 420 mm, A) and AFM (60 * 60 mm, B) images of an OTS-patterned ITO substrate (line pattern with 10 mm 
transfer and 5 mm spacing). The inset in the AFM image shows the height profile along the line.
At the edges of some ITO samples an accumulation of silane material was observed 
(compare Figure 8 A and B), which is probably due to the formation of polymers of OTS 
during the inking procedure. OTS very readily polymerizes in the presence of trace amounts 
of water resulting in polymeric particles which can be observed all over the surface. However 
the effect is much more pronounced at the edges. During the inking the solvent slowly 
evaporates and there can be an accumulation of ink (silane in this case) mainly at the edges 
of the stamp where the evaporation is highest. Upon stamping this results in the accumulated 
silanes being transferred to the sample. The large particles of silane material (up to 100 nm 
in height, according to AFM) prevented good contact between the stamp and the substrate, 
resulting in the deposition of only the large particles and loss of definition in the pattern at the 
edges. In the middle of the sample the particles are smaller than 5 nm and do not result in 
loss of definition.
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Figure 8. AFM height images of the middle (60 *  60 mm, A) and the edge (20 *  20 mm, B) of an OTS-patterned ITO substrate 
(line pattern with 5 mm transfer and 3 mm spacing), the lower part of the figure shows the cross-sections along the white line in
the corresponding AFM image.
The length of an extended OTS molecule is approximately 2.4 nm, but only an increase in 
apparent height of about 0.5 nm of the stamped lines with respect to the uncovered ITO 
surface is observed in the middle of the samples (Figure 7B). As was mentioned in the 
introduction of this chapter, Zhang et al. have also created ITO surfaces patterned with 
SAMs of n-octadecyl-functionalized silanes.58 In that case, a full monolayer was grown first 
and the excess silanes were removed by mask photolithography. AFM measurements after 
the lithography step showed that the height of the patterns was in this case about 2 .5  nm, 
which corresponds much better with the expected value (Figure 9). The layer of silanes 
transferred by mCP is possibly less densely packed than a monolayer grown from solution, 
resulting in a lower observed height for these patterns. The SEM measurements do indicate 
that line pattern is transferred to fully cover the stamped surface.
Figure 9. AFM image (A) and height profile (B) of an OTS line pattern on ITO created using mask photolithography.8
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In order to determine the effect of the lower height of the silane patterns on the ability of the 
surface to act as a command layer, surfaces patterned by mCP were incorporated in an LC 
cell and compared to the cells created by mask photolithography. The LC cells were 
fabricated by following the same protocol as reported by Zhang et al., i.e. by using a 4.0 mm 
cell gap and a combination of a patterned ITO surface on the bottom and a non-patterned 
ITO surface covered with a SAM of n-octadecyltrimethoxysilane on top using 4-pentyl-4'- 
cyanobiphenyl (5CB) as the LC. ITO surfaces terminated with long alkyl chains are known to 
vertically align LC molecules, whereas bare ITO gives rise to a random planar alignment.81
After construction the LC cells were placed between crossed polarizers in a polarizing optical 
microscope, in order to study the quality of the alignment layer. As expected from earlier 
research,81 the line patterns induce alignment in the sections of bare ITO in between the 
silane patterns. Instead of a random planar alignment expected for the bare ITO the 
alignment of LCs is the same all over the surface, with the exclusion of several point defects 
indicated by the V-shaped features in Figure 10A and B. These defects have been observed 
before and are the result of two domains with a different orientation or with a difference in 
molecular tilt coming together.82, 83 The LC cells fabricated with substrates that were 
patterned by mCP are very similar to those reported by Zhang et al. (Figure 10C and D). The 
main difference is an increase in the number of imperfections in the printed samples, but the 
alignment of the LC molecules is comparable. These results indicate that mCP can be a 
cheap alternative to mask photolithography, but the protocol has to be optimized to see if the 
number of imperfections can be reduced.
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Figure 10. Images taken with the polarizing optical microscope of LC cells made with patterns from mask photolithography (A, 
B)58 and mCP(C, D) with crossed polarizers at angles of 0 (A, C) and 45 degrees (B, D). C and D, having a repeating pattern of 
15 mm, have been rescaled to match A and B, which have a repeating pattern of 4 mm.
6.2.2 Patterning of surfaces by a combination of stamping and molecular self-assembly 
A combination of surface modification by mCP and molecules that have the tendency to form 
surface patterns by self-assembly could result in interesting surface patterning. If successful, 
the pattern of mCP can be changed to almost unlimited extent and thus it is possible to 
influence the resulting pattern directly, while the line patterns obtained by self-assembly and 
dewetting of porphyrin trimers described in Chapter 3 are for a large part controlled by 
dewetting phenomena in which case it is almost impossible to control the length scales.
The affinity of the porphyrin trimers for the bare, hydrophilic ITO surface is probably different 
than the affinity for the hydrophobic alkyl chains present on the stamped parts of the surface, 
so it is interesting to investigate how an ITO sample patterned with OTS influences the 
patterning of porphyrins by self-assembly and dewetting.
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H21: R=C8H17; M=H2 
Zn1: R=C8H17; M= Zn 
H22 : R=(S)-2,6-dimethylheptyl; M=H2 
Zn2: R=(S)-2,6-dimethylheptyl; M=Zn
Figure 11. Structures of the porphyrins trimers described in Chapter 3.
To investigate the possibility of aligning columnar stacks of porphyrin trimers (Figure 11) on 
the patterned ITO samples, a solution of H21 in chloroform (5.1 * 10-6 M) was dropcasted 
onto the surface and allowed to evaporate. After which the surface was studied with AFM 
(Figure 12A).The dimensions of the OTS pattern (a pattern that repeats every 8 mm) 
compared to the deposition of the porphyrin trimers indicate that the dewetting is indeed 
influenced by the OTS pattern. The porphyrins are deposited in parallel lines of up to 40 nm 
high and 8 mm apart. This pattern is only observed on part of the surface, with the biggest 
domain observed of 50 by 100 mm.
Because of the small difference in height between bare ITO and the stamped areas (Figure 
7B) it is impossible to determine the position of the OTS areas and thus the position of the 
immobilized porphyrins compared to those areas. The pattern of the porphyrins is possibly 
formed by pinning of the contact lines of the evaporating droplet at the interface between the 
bare ITO and the stamped pattern of the OTS monolayers. The affinity of the trimers for bare 
ITO is very small, which is observed when a solution of H21 is dropcasted on a bare ITO 
surface. No regular features are observed except for some irregular contact pinning lines. It 
could be that in the case of the OTS patterned ITO, when the contact line retracts it can 
easily move the porphyrins which are on the surface with the contact line, until it reaches the 
OTS pattern. The OTS pattern mainly consists of alkyl chains sticking out from the surface 
and they could have a stronger interaction with the aliphatic groups of the porphyrins and
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thus the porphyrins are deposited on the OTS-ITO interface. This also clearly indicates that 
these patterns are formed by a different mechanism than the one described in chapter 3. The 
difference in dimensions for the two patterns (8 mm compared to 470 nm apart and 40 nm 
compared to 3 nm in height) suggests the same.
In other parts of the sample the material is deposited more evenly over the surface and the 
correlation is less clear. Almost the whole area shown in Figure 12B is covered with 
porphyrins, except the darker areas, which indicate the ITO or silane surface. There seems 
to be a preference for several areas where the porphyrins are less-likely to remain during 
evaporation of the solvent, which appear to be aligned in the same direction. It is again 
impossible to determine whether these are the bare ITO or the silanized regions and in this 
case the repeating unit is not constant so it does not correlate directly with the surface 
pattern.
Figure 12. AFM height images of two different regions (A: 50 * 50 mm and B: 70 * 70 mm) of an ITO surface patterned with 
linear domains of OTS (line pattern with 5 mm transfer and 3 mm spacing) on which a chloroform solution of H21 (5.1 * 10-6 M) 
was dropcasted and allowed to evaporate, the lower part of the figure shows the cross-sections along the white line in the
corresponding AFM image.
As shown here, the dewetting can be controlled partially by the patterns, but it is very difficult 
to fully control dewetting over large surfaces and the formation of structures is limited to 
between the contact pining lines. As discussed in the introduction of this chapter, Hoogboom 
et al. have described monolayers containing pyridine-functionalized silanes that were 
capable of initializing the growth of columnar aggregates of zinc phthalocyanine, which were 
oriented perpendicular to the surface (see Figure 4). By combining this concept with the 
surface patterning by mCP versatile surfaces for sensors or LCD applications might be 
constructed. The porphyrin trimers are easily converted into their zinc metal analogues,
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which can subsequently coordinate to the pyridyl functions of the surface-bound silanes. It 
was the idea that as a result of the strong self-assembly of these molecules, long columnar 
stacks perpendicular to the surface might be formed.
Due to the low stability of the pyridyl-functionalized silane under ambient conditions, it 
already polymerizes before it is even applied to the stamp and could therefore not be used 
for direct mCP. For that reason the ITO surface was first patterned with OTS, after which the 
bare parts of the surface were reacted with W-4-[3-(1,1,1- 
Triethoxysilyl)propyl]isonicotinamide silane and phenyltriethoxysilane in a molar ration of 1:9, 
as described in literature.57 After this step it becomes very difficult to observe the stamped 
patterns with the help of AFM and SEM. No significant height or phase difference is observed 
between the different silanes in the AFM and there is also no contrast between the different 
silanes in the SEM.
In total four different surfaces were tested for their ability to bind porphyrins to the surface: 
bare ITO, the patterned samples described above and two additional SAM modified ITO 
surfaces: one with triethoxy(phenyl)silane and one with W-4-[3-(1,1,1- 
triethoxysilyl)propyl]isonicotinamide silane and phenyltriethoxysilane, again in a molar ration 
of 1:9. The samples were submerged in a chloroform solution of H21, Zn1 or Zn2 (at a 
concentration of the trimers of around 7 *  10-6 M) and after 3 hours the solution was 
decanted off. Finally, the surfaces were rinsed with chloroform to remove small remaining 
solution droplets and to wash away any poorly bound porphyrins.
In the case of H2 1 , AFM images showed no obvious growth of any aggregates from any of 
the four surfaces. This was expected, because there is no central metal to bind to the 
pyridine and in solution no aggregates are observed at those concentrations in the UV-vis 
spectra.
In the case of Zn1, on the other hand, remarkable signs of self-assembly of the porphyrin 
trimers were observed for both the patterned and the unpatterned pyridyl-functionalized 
surfaces. In contrast to the epitaxially grown columnar aggregates of up to 50 nm in height 
observed for the previously mentioned stacks of zinc phthalocyanine (Figure 4B), AFM 
revealed the presence of long fibers lying flat on the surface. The fibers can be several tens 
of microns in length and most have a height between 4 and 20 nm, although some are 
observed with a height up to 70 nm (Figure 13A). Solution studies show no aggregation of 
Zn1 at these concentrations, which indicates that a surface template effect is responsible for 
the formation of these fibers. Bare ITO and pure triethoxy(phenyl)silane-modified surfaces 
did not show any fibers, which shows that the presence of pyridyl-functionalized silanes is 
essential for their formation.
Some sections of the surface show broken chains which lie close together (Figure 13B). This 
remarkable feature can give some insight into the formation of the fibers. It is proposed that 
the growth of the self-assembled fibers is started by the coordination of Zn1 to the pyridyl- 
functions of the surface-bound silanes, because no aggregation is observed in solution or on 
ITO surfaces without pyridyl functionalities. When subsequently the fibers grow horizontally 
along the surface, the observed ruptures cannot be easily explained. When, on the other 
hand, the fibers grow vertically into the solution and are deposited on the surface during 
removal of the solvent or at any other time, the ruptures could be explained by being a result 
of this deposition. The formation of the fibers can be explained by the mechanism proposed
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by Hoogboom at al.,57 which suggested that aggregate formation was the result of several 
molecules binding to the surface close to each other. When subsequently more molecules 
are bound, the intermolecular van der Waals interactions stabilize the resulting fiber.
Figure 13. AFM height images of a non-patterned pyridyl-functionalized ITO surface reacted with Zn1. (A: 50 * 70 mm; B: 10 * 
10 mm), the lower part of the figure shows the cross-sections along the white line in the corresponding AFM image.
Additional inspection of the fibers seems to confirm the mechanism suggested above. 
Several fibers are observed to overlap when they run into each other (Figure 14A), instead of 
stopping to grow, which would be more likely when they would grow along the surface. The 
same figure also shows branching of the fibers: one big fiber splits up into two smaller ones. 
The fiber in the bottom right of the center, for instance, is 15 nm high and it breaks up into 
one of 7 nm and one of 11 nm. This splitting, in combination with the thickness of the fibers 
(which is in most cases much larger than the 3 nm diameter of one single columnar stack of 
porphyrin trimers), implies that they are built up from several stacks which coil together. 
Some fibers have diameters up to 70 nm, which would mean that they are composed of more 
than 10 columnar stacks. Close magnification of the AFM topography of one of the fibers 
suggests that columnar stacks intertwine in a helical structure (Figure 14B). The background 
shows the structure of the ITO surface. This stack of porphyrin trimers appears to form a left­
handed superhelix (Figure 14C).
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Figure 14. AFM height images of the porphyrin aggregates observed on a non-patterned ITO surface covered with a mixed 
SAM of phenyl- and pyridine-functionalized silanes, showing branching and overlapping of fibers (10 x 10 mm2, A), the apparent 
helical pitch in a single fiber (520 x 520 nm2, B) and the same image as B with schematic representation of a left-handed helix
superimposed (520 x 520 nm2, C).
Because Zn1 is an achiral molecule, no preference for the formation of left- or right-handed 
columnar stacks or superhelices is expected. Zn2, on the other hand, forms homochiral 
columnar stacks in solution (see Chapter 3), so it would be expected that self-assembled 
fibers of this molecule would also have a preference to form only either left- or right-handed 
superhelices. However, when pyridyl-functionalized ITO surfaces were treated with Zn2 in 
the same way as described for Zn1, no fiber-like structure were observed at all on the 
surface. It is possible that the aggregates of Zn2 fibers are better soluble in chloroform 
because of the methyl groups in their side chains, and as a result are washed off during the 
rinsing step.
Next the surfaces, on which first OTS patterns were stamped, followed by functionalization of 
the bare ITO domains with pyridyl-functionalized silanes, were studied with the aim to 
investigate whether it is possible to identify where the porphyrin fibers start growing from the 
surface and to see if they could be confined to the pyridyl-functionalized region. As was 
reported in the previous section, there are no large height differences on the stamped ITO 
surfaces and the stamped patterns cannot be observed with the help of AFM and SEM after 
the functionalization of the bare ITO with the pyridyl-functionalized silanes. AFM images of
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the patterned samples showed the same type of fibers as were observed in the case of the 
non-patterned surfaces (Figure 15).
Because of the length of the fibers (also in this case often several tens of microns) and the 
limited number of fiber ends on a small surface area, it is difficult to determine where they 
start or finish. For this reason it is not possible to distinguish on which domain of the surface 
-  a domain covered with OTS, or a domain containing pyridyl-functionalized silanes -  the 
fibers start to grow. On some locations in the AFM images again some deposition of 
polymer-like material (i.e. globular depositions) was observed, which is proposed to result 
from the stamping procedure (Figure 15), however the boundaries of the pattern cannot be 
clearly identified. By changing the conditions under which the porphyrin stacks are formed, 
e.g. by tuning the concentration or the temperature, it might be possible to reduce the length 
of the self-assembled fibers so that they become confined in one of the domains, patterned 
or unpatterned, of the ITO surface.
Figure 15. AFM image of an OTS stamped ITO surface postmodified with a mixture of pyridyl- and phenyl-functionalized silanes 
(in a ratio of 1:10). Fibers of Zn1 grown from the surface are visible (50 x 50 mm).
6.3 Conclusions
In this chapter it has been shown that mCP can be a low cost alternative to MPL to create 
alignment layers for LC applications. LC cells were created using alignment layers created by 
mCP and compared to LC with similar patterns based on MPL. Even though in the case of the 
cells based on mCP the height of the SAMs of the deposited n-octadecyltrimethoxysilane 
appears to be significantly lower, the alignment of the LCs is comparable to those formed 
using MPL.
Attempts were also made to further functionalize the OTS patterns created using mCP by 
forming aggregates of porphyrin trimers by self-assembly and dewetting. When a chloroform 
solution of H21 was dropcasted, line patterns with well-defined periodicities of the porphyrin 
trimers were formed on parts of the surface. A difference in affinity of the trimers for the 
domains of bare ITO and the domains covered with SAMs of alkyl-functionalized silanes 
could be responsible for this behavior. The alkyl sidechains of the porphyrins probably have 
a stronger interaction with the OTS stamped areas than with the, relatively polar, bare ITO 
surface.
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The bare ITO domains on a surface which was stamped with patterns of n- 
octadecyltrimethoxysilane could also be reacted with a second silane derivative to introduce 
domains in which surface-bound pyridyl functions were present. The resulting surface was 
used to investigate the growth of columnar stacks of porphyrin trimers from the surface. No 
aggregates were observed when the non-metallated porphyrin trimer was used, but when the 
surfaces were submerged in a solution of Zn1, fibers, which were tens of micrometers long, 
were formed on the surface. It was proposed that the pyridine functions in the monolayer act 
as nucleation sites from which long columnar stacks of Zn1 grow first perpendicular to the 
surface, after which the stacks are deposited horizontally to the surface upon evaporation of 
the solvent.
6.4 Experimental
6.4.1 General experimental
SEM experiments were carried out without further treatments of the surface, using a Jeol 
JSM-6330F. AFM images were recorded on a Nanoscope IV with Dimension 3100 (Veeco / 
digital instruments, Santa Barbara, California) using 100 pm long standard silicon tips (NSG
10, ND-MDT, Moscow, Zelenograd, Russia). LC cells and ITO covered with a SAM of n- 
octadecyltrimethoxysilane were created according to a literature procedure using 5CB (K15, 
Merck) as LC.58 The liquid crystal cells were analyzed with a polarizing optical microscope 
(Olympus BX60) using a camera (CoolSNAP-Pro color; Media Cybernetics, RS 
photometrics) and software (Image Pro-plus; Media Cybernetics) to record the images. The 
synthesis of the porphyrin trimers and their metal analogues has been described in Chapter
3.
6.4.2 Preparation of the PDMS stamps
The silicon master was obtained from MESA+, University of Twente. Prior to the first use it 
was treated with fluorinated silane in order to prevent sticking of the PDMS to the silicon. The 
PDMS was prepared by mixing Sylgard 184 silicone elastomer base (Dow Corning) with the 
curing agent in a 10:1 ratio using a disposable cup and stirring rod. After 10 minutes of 
stirring the mixture was degassed in a desiccator, while taking care that the mixture did not 
overflow the cup. After removal of all visible gas bubbles the mixture was left at 20 mbar for a 
further 30 min to ensure the removal of all gas bubbles. The master was cleaned once more 
with EtOH and dried with a nitrogen flow. Because the sides of the master did not have any 
pattern, alumina foil was taped all around the sides of the master, creating a sort of cup with 
the patterned side of the master on the bottom facing up. The degassed PDMS mixture was 
poured into this cup and it was again degassed in a desiccator for 30 min. The polymer was 
cured overnight in an oven at 60 C  The PDMS was s ubsequently peeled off the silicon 
master and the patterns were cut out to obtain the stamps.
6.4.3 Cleaning of the ITO covered glass samples
Selected high quality float glass coated substrate with ITO (PGO, CEC100S, 87.5 x 87.5 
mm2, 100Q/sq.) was cut to the appropriate size. The glass-ITO samples were first washed 
thoroughly with detergent (LIQUI-NOX; ALCONOX, Inc) and demineralized water and then 
they were put in an approximately 2 % solution of the detergent in demineralized water and 
sonicated for 30 minutes. The samples were rinsed with a large amount of demineralized 
water until no long-lived bubbles could be observed and sonicated three times for 5 minutes 
in miliQ, which was refreshed every time. The water was removed and the samples were 
sonicated one last time in acetone for 10 minutes. The acetone was removed and the
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samples were blown dry using a nitrogen gas flow. In the final step the samples were put in 
an ozone atmosphere using a PSD-UV (Novascan Technologies, Inc) ozone generator with 
the ITO side up for 15 minutes and left in the chamber for another 30 minutes to clean the 
last organic contaminants and to oxidize the surface. The samples were stored in a clean 
desiccator and used as soon as possible after the ozone cleaning procedure.
6.4.4 Cleaning of the glass samples
Glass slides for microscopy were cut to the appropriate size and cleaned by sonication for 5 
min in subsequently n-pentane, acetone, ethanol and miliQ. Subsequently the substrates 
were submerged in a freshly prepared bath of pyranic acid (70% H2SO4, 30% H2O2) for 30 
minutes. Finally, they were thoroughly washed with miliQ until the washings were no longer 
acidic and dried using a flow of nitrogen gas. The samples were used directly after cleaning.
6.4.5 Stamping procedure
The patterned area of the PDMS stamp was covered with freshly prepared solution of 10 mM 
n-octadecyltrichlorosilane in n-hexane. While the complete coverage of the stamp was 
ensured by adding additional droplets of the solution, the stamp was left for 30-60 seconds, 
after which the solution was blown off using a nitrogen gas flow. Alternatively the PDMS 
stamp was positioned on a spincoater and covered with the same solution, after which the 
stamp was spun for 30 seconds at 3000 rpm with an acceleration of 500 rpm/s. The glass 
samples were prepared at room temperature, while the ITO coated glass samples were 
preheated to 70 to increase the reactivity of the surface. The PDMS stamps were 
transferred directly after preparation on top of the samples and for 5-30 seconds a constant 
pressure was applied to ensure complete contact between the patterned area of the stamp 
and the surface of the samples. After removal of the stamp the surfaces were washed with 
ethanol. In some cases the samples were further modified by reacting the samples with 
additional siloxanes. The best results were obtained using the spincoater and a short contact 
time.
6.4.6 Preparation of porphyrin-modified surfaces
W-4-[3-(1,1,1-Triethoxysilyl)propyl]isonicotinamide and the monolayer of this compound 
mixed with phenyltriethoxysilane in a molar ratio of 1:9 were prepared according to a 
literature procedure, using bare ITO or stamped ITO as substrates.57 These surfaces were 
submerged in a solution of the desired porphyrin trimer (H21, Zn1 or Zn2, approximately 7 x 
10-6 M) in chloroform. After 3 hours the majority of the solution was decanted and the 
remnant was removed using a pipette. The substrates were quickly submerged again in pure 
chloroform to remove the last bit of solution and to remove loosely bound molecules. After 
gentle shaking this solution was removed in the same fashion and the samples were dried.
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Porphyrin trimers
The research described in Chapter 3 shows a second example of the formation of a highly 
regular line pattern after dropcasting a solution of porphyrin trimers without meso-phenyl 
groups onto a mica surface. These patterns form because of a delicate balance between 
dewetting and one-dimensional aggregation. The porphyrin trimers described in this thesis 
differ in structure and in aggregation behavior with the porphyrin trimers described by van 
Hameren, but still the formation of the line patterns can be observed. It remains difficult, 
however, to judge the applicability of the system in the creation of hierarchically organized 
functional surfaces at a macroscopic scale. An important problem remains the method of 
deposition: dropcasting. This method is not straightforward to scale up. Several attempts to 
achieve pattern formation on a scale beyond milimeters were done in the past,1 but without 
success. Pattern formation according to the self-assembly/dewetting method requires a 
homogeneous thin film of solvent, containing the right amount of solutes on the right surface, 
and until now this has only been achieved with dropcasting on a relatively small surface (< 1 
cm). Future work should therefore be directed to further optimization of the method so that 
larger surfaces can be patterned.
Phthalocyanine trimers
Another option to improve pattern formation and quality was the exchanging of the 
porphyrins in the trimers for phthalocyanines, in order to get stronger intermolecular 
aggregation. The research in Chapter 4 shows that the combination of the three benzamide 
groups and the large n-surfaces of the Pcs in the Pc trimers results in a much stronger 
aggregating species. Unfortunately this increase in aggregation strength made purification of 
the compounds impossible. Contaminations like Pc dimers and amino-functionalized Pcs 
were also included in the aggregates, and it was appeared to be possible to separate them 
completely from the trimers. A modification in the trimers in which the amide bonds were 
substituted by ether linkages appeared to improve the purification, but this procedure has to 
be repeated on a larger scale. Aggregation studies of the impure trimers indicated that the 
assemblies formed in solution were so big that upon dropcasting they were deposited on the 
surface. The dynamic exchange of the Pc trimers in these aggregates turned out to be too 
low for the formation of extended line patterns during the evaporation of the solution film on 
the surface.
Phthalocyanine polyisocyanides
The study of the Pc-functionalized polyisocyanides was significantly hampered by purification 
problems. Recent research in our group showed the possibility of growing polyisocyanides 
from a surface, by using a surface-bound nickel(II) catalyst.2 Most polymer-based 
applications in molecular electronics require thin films of the polymers on the surface, and 
therefore this approach to synthesize Pc-based polyisocyanopeptides (Figure 1) might be 
more successful in the future, avoiding all the purification difficulties. Another method to 
reduce the number of purification steps could be the grafting of Pcs to a polyisocyanide 
backbone. A high yielding reaction is necessary in order to ensure a maximum grafting 
density. Schwartz et al. have developed polyisocyanopeptides which have side schains 
terminated by either acetylene3, 4 or azido5 groups, which can be used in a high yielding 
"click” reaction.6 For this approach only an acetylene- or an azido-functionalized Pc is 
necessary, which can be easily synthesized from the monofunctionalized Pcs described in 
Chapter 5. It is, however, unlikely that the polyisocyanide chain will be fully grafted, which 
might result in a less defined arrangement of the Pcs.
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Figure 1. Schematic representation of Pc polyisocyanides grown from a surface.
Surface modification
Modification of a surface can be a very promising method to control the self-assembly and to 
improve the reproducibility of pattern formation of functional molecules. The results in 
Chapter 6 have shown that using relatively simple technology (m-contact printing) it is 
possible to modify a large surface area, which can subsequently influence the deposition of 
functional molecules by self-assembly and dewetting. The biggest problem with the 
dropcasting method, described in the research of van Hameren and in Chapter 3, is the 
difficulty in scaling up to surface areas larger than a few mm2. m-Contact printing is a 
technique that is capable of covering large surface areas and the further development of this 
technique in combination with self-assembling systems is the best way forward to obtain 
command layers with functional molecules over large domains.
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Synthesis of symmetrical functionalized phthalonitriles
In order to limit the possibilities of rotational isomers and to ensure large arrays with Pcs in 
the same orientation, the Pc trimers and polymers described in chapters 4 and 5 were first 
designed to be symmetrically functionalized. This appendix describes our efforts to 
synthesize phthalonitriles with a functional group connected symmetrically to the 4 and 5 
positions of the phthalonitrile. In chapter 4 it was shown that it is possible to synthesize such 
a Pc starting from 1,2,4,5-tetracyanobenzene. The main drawbacks of this approach were 
the long reaction times, the harsh reaction conditions and the low yields. Inspired by 
Mikhalenko et.al,1 phthalonitrile precursors with a substituted 4,5-dicyanophthalimido ring 
were designed (compounds 4, Figure 1). With these precursors it should be possible to 
obtain the desired mono-functionalized Pcs in one step from the phthalonitriles.
Figure 1. Synthesis of symmetric phthalonitriles 4a and 4c. A: KMnO4, pyridine/water, reflux 2.5 h, yields: a: 98%, b: 64%; B: 
SOCl2, reflux 16 h, yields: a: quantitative, b: quantitative; C: for a,b: 4-aminophenol, pyridine, reflux 3 h, yields: a: 66%, b: 40%; 
for c,d: N-(tert-butoxycarbonyl)propyl-1,3-diamine, pyridine, reflux 2h, yields: c: 20%, d: 68%; D: CuCN, DMF, reflux 6 h or
Pd(PPh3)4, Zn(CN)2, DMF, 80 °C 4 h, no product obtained.
In the first route, 4,5-dibromo-o-xylene was oxidized to 1 using an excess amount of KMnO4 
in a refluxing mixture of 3:1 pyridine/water. After a ring closure in refluxing thionylchloride, 
anhydride 2  was formed, which could subsequently be functionalized with various primary 
amines. It was reacted with 4-aminophenol in refluxing pyridine to give 3a, or with the more 
flexible N-(te/t-butoxycarbonyl)propyl diamine to give 3c. Most products were highly 
crystalline and it was possible to obtain crystals of 2a and 3a that were suitable for single X- 
ray crystal diffraction (Figure 2).
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Figure 2. 3D structures of 2a (A) and 3a (B) determined by single X-ray crystal diffraction.
Finally, to synthesize dicyanides 4a and 4c compounds 3a and 3c were subjected to the 
Rosenmund-Von Braun cyanation reaction, using copper(I) cyanide in refluxing dry DMF 
with a catalytic amount of pyridine. In both cases, during work-up of the reaction the desired 
product could not be observed. Initially, the impression was that the product was too soluble 
in the ammonium hydroxide solution that was used to wash out the copper cyanide. 
Therefore, 3a was protected with a benzyl group to reduce its solubility in water. Also in this 
case the cyanation reaction did not yield the desired product, but it became clear from proton 
NMR that the imide bonds had decomposed under the harsh conditions.
Because of this observation, milder cyanation conditions were used that had been reported 
earlier by Iqbal et al., who used zinc(II) cyanide and tetrakis(triphenylphosphine)palladium(0) 
as a catalyst in dry, oxygen-free DMF at 80 under an inert atmosphere. 2 Although the 
reaction of 3a gave a tiny amount of the desired product 4a, proton NMR showed that these 
reaction conditions still resulted in significant decomposition of the amide bonds. When 
samples of the reaction mixture were analyzed during the reaction, it became clear that the 
decomposition of starting material was much faster than the formation of product (Figure 3).
Figure 3. The formation of product 4a (squares) and the consumption of starting material 3a (diamonds) in the reaction of 3a
with zinc(II) cyanide over time.
In a final effort, iodide was used instead of bromide as the halogen substituent on the o- 
xylene moiety, because in general iodine is easier to substitute during the cyanation reaction. 
Therefore, diiodo-o-xylene was synthesized according to a literature procedure3 and 
following the same route as described for the synthesis of 3a and 3c, compounds 3b and 3d 
were prepared. These diiodides were then subjected to the mild cyanation reactions with the 
palladium catalyst, only to find that the exchange of the iodides was still not fast enough to 
give a high enough yield before all of the amide bonds were decomposed.
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Since the previous experiments indicated that the amide bonds are too labile in the cyanation 
reaction, it was necessary to redesign the phthalonitrile. The removal of the carbonyl groups 
and thus a change of the substituted phthalimido ring into an isoindoline ring appeared to be 
the most logical option. First, a,a’-dibromo-o-xylene was brominated with bromine in 
dichloromethane to form the tetrabromide 5 (Figure 4). Subsequently, the product was 
reacted with 3-(benzyloxy)propyl-1-amine in the presence of triethylamine in 
dichloromethane to afford 6 . The benzyl group was introduced to aid the purification in the 
following steps and to prevent the substitution of the bromines by the alcohol. Finally, 
phthalonitrile 7 was synthesized by reacting 6 with copper(I) cyanide in DMF (Figure 4).
Figure 4. Synthesis of phthalonitrile 7. A: Br2, Fe, CH2Cl2, 0 °C ^ r.t. 16 h, 46%; B: 3-(benzyloxy)propyl-1-amine, Et3N, CH2Cl2,
reflux 16 h, 62%; C: CuCN, pyridine, DMF, reflux 5 h, 12%.
In the final step a lot of insoluble material was formed resulting in a relatively low yield again, 
but compound 7 was used to determine if it was stable enough to survive the harsh 
conditions of the Pc synthesis (refluxing pentanol in the presence of DBU). In a small test 
experiment 7 was reacted with 4-ierf-butylphthalonitrile (a commercially available 
phthalonitrile with good solubilizing properties) and MALDI-TOF mass spectrometry 
confirmed the formation of a Pc containing 3 terf-butyl groups and one linking unit. To 
improve the yield of 7, a slightly modified synthesis route was devised, by starting from the 
very cheap o-xylene and by introducing the nitrile groups as soon as possible (Figure 5).
Figure 5. Synthesis route towards phthalonitrile 10. A: Br2, I2, r.t. 20 h, 43%; B: dimethylacetamine, Pd2(dibenzylideneacetone)3,
1,1'-Bis(diphenylphosphino)ferrocene, Zn(CN)2, reflux 2 h, 60%.
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A first attempt to obtain phthalonitrile 9, by brominating o-xylene with bromine in 
dichloromethane followed by cyanation in dimethylformamide with copper(I)cyanide only 
gave a 5% overall yield. The low yield was most likely the result of a lack of selectivity during 
the bromination reaction, resulting in mono-, bis-, tris- and tetrabrominated xylene. By 
carrying out the bromination under solvent-free conditions4 and performing the cyanation with 
a palladium catalyst in dimethylacetamine (DMAC),2 the overall yield increased to 26%, 
which was still disappointing. In principle, a radical reaction of 9 with N-bromosuccinimide 
and azobisisobutyronitrile (AIBN) should now result in the formation of 10, which then can be 
reacted with a large variety of primary amines to give the desired functionalized 
phthalonitrile. However, for reasons of convenience it was decided to use the more easily 
accessible starting phthalonitriles which have been described in Chapter 4.
Experimental
General experimental
All solvents and other chemicals were commercial products and used as received, unless 
stated otherwise. Column chromatography was performed using ACROS silica gel (40-60 
^m). TLC-analyses were carried out on silica 60 F254 coated glass from Merck and the 
compounds were visualized using UV-light and/or by charring at ~150 C  after dipping into a 
solution of KMnO4 or Ninhydrine. 1H-NMR and 13C-NMR spectra were recorded on a Bruker 
DMX 300 (300 MHz) and a Bruker DPX 200 (200 MHz). Chemical shifts are given in ppm 
with respect to tetramethylsilane (TMS) as internal standard. Coupling constants are reported 
as J-values in Hz. Infrared spectra were recorded on a ThermoMattson IR300 spectrometer 
equipped with a Harrick ATR unit and the compounds were measured as a solid or an oil. 
Mass spectrometry measurements were performed on a JEOL Accutof (ESI) or Thermo LCQ 
machine. Crystal structures were determined by single crystal X-ray diffraction on a Bruker- 
Nonius KappaCCD diffractometer with Mo-radiation.
Crystal data for 2a: white, C8H2Br2O3, M = 305.92, a = 7.3043(2), b = 7.5569(4), c = 
8.4332(3) A, a = 105.141(4), p = 109.188(2), y = 91.717(3)°, U = 420.93(3) A3, T = 208(2) K, 
Z = 2, ^(Mo-Ka) = 0.71073 mm-1, 11062 reflections measured, 1935 unique, final R1 0.0324, 
wR2 0.0566 (I >2a(I)).
Crystal data for 3a: white, C14H9Br2NO4, M = 415.04, a = 3.8431(2), b = 10.3059(8), c = 
33.983(3) A, a = 90, p = 91.027(5), y = 90.00o, U = 1345.75(17) A3, T = 208(2) K, Z = 4, 
^(Mo-Ka) = 0.71073 mm-1, 26554 reflections measured, 3056 unique, final R1 0.0359, wR2
0.0515 (I >2a(I)).
Synthesis
W-(tert-butoxycarbonyl)propyl diamine,5 4,5-diiodo-o-xylene3 and 3-(benzyloxy)propyl-1- 
amine6 were synthesized according to literature procedures.
4,5-Dibromo-phthalic acid 1a
Dibromo-o-xylene (3.02 g, 11.4 mmol) was added to 28 ml of a 3:1 (v/v) mixture of pyridine 
and water. KMnO4 (12 g, 76 mmol) was added and the resulting mixture was refluxed for 1.5 
h. An additional 2 g (12 mmol) of KMnO4 was added and refluxing was continued for 1 h. The 
hot brown slurry was filtered and the residue was washed with 100 ml of a hot 5% aqueous 
KOH solution. The filtrate was evaporated in vacuo and then redissolved in 100 ml of water, 
and the resulting solution was acidified with aqueous 1N HCl solution until a white precipitate 
was formed. The slurry was filtered and the filtrate was acidified again until no more 
precipitate formed. After recrystallization from water, 3.61 g (11.1 mmol, 98%) 1a was 
isolated as a white powder. 1H-NMR (200 MHz, DMSO-d6): d 7.99 (s, 2 H).
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4.5-Diiodo-phthalic acid 1b
Compound 1b was obtained by the same procedure as 1a, using 4,5-diiodo-o-xylene as 
starting material, and yielding 1.5 g (3.6 mmol, 64%) of 1b as a white powder. 1H-NMR (200 
MHz, DMSO-da): 5 8.35 (s, 2H); MS (ESI) m/z calcd for C8H4I2O4 (M-H)- : 416,8, found:
416.9.
4.5-Dibromo-phthalic anhydride 2a
A solution of 2.66 g (8.2 mmol) of 1a in 10 ml of thionylchloride was refluxed for 16 h. After 
cooling, the solvent was evaporated in vacuo to give compound 2 b as an off-white powder in 
a quantitative yield. The compound was used as obtained. Crystals suitable for single crystal 
X-ray diffraction were obtained by slowly cooling a hot, saturated solution of 2a in toluene. 
1H-NMR (200 MHz, DMSO-cfe): 5 8.00 (s, 2H).
4.5-Diiodo-phthalic anhydride 2b
Compound 2b was obtained as an off-white powder by the same procedure as described for 
the synthesis of 2a, using 1b as starting material. Yield: 1.02 g (2.6 mmol, quant. yield). 1H- 
NMR (200 MHz, DMSO-d6): 5 8.56 (s, 2H); IR v (cm-1): 2973, 2910, 1718, 1460, 863; HRMS 
(EI) m/z: calcd for C8H2O3I2: 399.8094, found: 399.8083.
2-(4-Hydroxyphenyl)-5,6-dibromoisoindoline-1,3-dione 3a
A mixture of 2.6 g (8.5 mmol) of 2a and 0.97 g (8.9 mmol) of 4-aminophenol was refluxed in 
50 ml of pyridine for 3 h. After cooling, the mixture was poured into 100 ml of water and the 
precipitate was filtrered off. The residue was purified by partially dissolving it in acetone and 
filtering this suspension. To the filtrate, water was added to precipitate more of the desired 
compound. This precipitate was filtered off, and by combining it with the earlier obtained 
precipitate 2.24 g (5.6 mmol, 6 6%) of 3a was obtained as a yellow powder. Crystals suitable 
for single crystal X-ray diffraction were obtained by toplayering a concentrated acetone 
solution of 3a with water. 1H-NMR (300 MHz, DMSO-d6): 5 9.82 (s, broad, 1H), 8.31 (s, 2H), 
7.19 (d, 2H, J = 8.7 Hz), 6.87 (d, 2H, J = 8.6 Hz).
2-(4-Hydroxyphenyl)-5,6-diiodoisoindoline-1,3-dione 3b
The title compound was obtained in a yield of 50 mg (0.10 mmol, 40%) as a yellow powder 
following the same procedure as described for the synthesis of 3a, but using 2b as the 
starting material. 1H-NMR (200 MHz, DMSO-d6): 5 9.78 (s, 1H), 8.38 (s, 2H), 7.18 (d, 2H, J = 
8.0 Hz), 6.86 (d, 2H, J = 8.0 Hz).
2-(W-(3-fert-Butoxycarbonyl)propylamine)-5,6-dibromoisoindoline-1,3-dione 3c
N-(ttert-butoxycarbonyl)propyl diamine (47 mg, 0.27 mmol) and 75 mg (0.25 mmol) of 2a 
were refluxed in 2 ml of pyridine for 2 h. After cooling to rt, the mixture was poured into 10 ml 
of water and filtered. The residue was washed with water (2 * 20 ml) and dried to give 22 mg 
(0.062 mmol, 20%) of compound 3c as a white powder. 1H-NMR (300 MHz, CDCl3): 5 8.08 
(s, 2H), 3.74 (t, 2H, J = 6.2 Hz), 3.13 (m, 2H), 1.84 (t, 2H, J = 6.1 Hz), 1.60, (s, 9H).
2-(W-(3-fert-Butoxycarbonyl)propylamine)-5,6-diiodoisoindoline-1,3-dione 3d
Compound 3b was obtained in a yield of 435 mg (0.75 mmol, 6 8%) as a white powder 
following the same procedure as described for the synthesis of 3a, but using 2-(4- 
hydroxyphenyl)-5,6-diiodoisoindoline-1,3-dione as the starting material. 1H-NMR (200 MHz, 
CDCl3): 5 8.32 (s, 2H), 3.74 (t, 2H, J = 6.6 Hz), 3.49 (d, 1H, J = 4.4 Hz), 3.11 (dt, 2H, J = 6.3 
Hz), 1.83 (q, 2H, J = 6.5 Hz), 1.44 (s, 9H); MS (ESI) m/z: calcd for C16H18O4N2I2 (M+H)+:
556.9, found 556.9.
2-(4-(Benzyloxy)phenyl)-5,6-dibromoisoindoline-1,3-dione
A solution of 2.24 g (5.64 mmol) of 3a, 1.5 g of dry K2CO3, and 1.15 g (6.7 mmol) of benzyl 
bromide in 50 ml of acetonitrile was refluxed for circa 3 h until TLC (30% acetone in n-
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heptane (v/v)) indicated that conversion was complete. The mixture was cooled to rt and 
filtered. The residue was washed with water (4 * 50 ml) and dried in high vacuum to obtain 
2.43 g (2.25 mmol, 88%) of the title compound as a yellow powder. 1H-NMR (200 MHz, 
CDCl3): 5 8.18 (s, 2H), 7.28 (m, 9H), 5.11 (s, 2H).
1.2-Dibromo-4,5-bis(bromomethyl)benzene 5
A solution of 6.7 g (40 mmol) of bromine in 10  ml of CH2Cl2 was added dropwise to a mixture 
of 3.7 g (14 mmol) of a,a'-dibromo-o-xylene, 0.55 g (9.8 mmol) of iron powder and 50 mg 
(0.2 mmol) of iodine in 50 ml of CH2Cl2 at 0 °C After the addition was complete, the solu tion 
was allowed to warm to rt and stirred for 16 h. The brownish mixture was subsequently 
washed with 50 ml of 5% (w/v) of aqueous sodium bisulfide solution and 50 ml water. The 
organic layer was dried with Na2SO4, the volume was reduced in vacuo and filtered over a 
silica plug in n-heptane. Further purification was done by column chromatography over silica 
(eluent: CH2Cl2) to give 2.7 g (6.4 mmol, 46%) of compound 5 as a white-yellow solid. 1H- 
NMR (200 MHz, CDCl3): 5 7.62 (s, 2H), 4.54 (s, 4H).
2-(3-(Benzyloxy)propyl)-5,6-dibromoisoindoline 6
A solution of 2.18 g (5.17 mmol) of 5, 1.57 g (15 mmol) of triethylamine and 0.86 g (5.17 
mmol) of 3-(benzyloxy)propyl-1-amine in 50 ml of CH2Cl2 was refluxed for 16 h. After cooling 
to rt, the mixture was washed with water (3 * 50 ml), dried and reduced in vacuo. The 
residue was purified by column chromatography over silica (eluent: 2% MeOH in CH2Cl2 
(v/v)) to give 1.35 g (3.2 mmol, 62%) of a yellow solid. 1H-NMR (200 MHz, CDCfe): 5 7.45 (s, 
2H), 7.34 (m, 5H), 4.52 (s, 2H), 3.85 (s, 4H), 3.58 (t, 2H, J = 6.4 Hz), 2.81 (t, 2H, J = 7.1 Hz), 
1.87 (q, 2H, J = 7.7 Hz).
2-(3-(Benzyloxy)propyl)-5,6-dicarbonitrileisoindoline 7
A mixture of 0.3 g (0.7 mmol) of 6 , 188 mg (2.1 mmol) of CuCN and a catalytic amount of 
pyridine in 3 ml of dry DMF was refluxed for 5 h. After cooling to rt, 10 ml of 25% (v/v) 
aqueous NH4OH solution was added and the slurry was aerated overnight. The mixture was 
extracted with diethyl ether (3 * 20 ml) and the combined organic layers were washed with 
water (3 * 20 ml). After drying with Na2SO4 and reducing the organic phase in vacuo, the 
residue was purified by column chromatography over silica (eluent: 2% MeOH in CH2Cl2 
(v/v)) and precipitation from CH2Cl2/MeOH to give 0.11 g (0.35 mmol, 12%) of compound 7 
as yellow crystals. 1H-NMR (200 MHz, CDCl3): 5 7.62 (s, 2H), 7.34 (m, 5H), 4.52 (s, 2H), 4.00 
(s, 4H), 3.58 (t, 2H, J = 6.3 Hz), 2.85 (t, 2H, J = 7.1 Hz), 1.88 (q, 2H, J = 7.3 Hz); IR v (cm'1): 
2923, 2851, 2232, 1705, 1451, 1098, 733.
1.2-Dibromo-4,5-dimethylbenzene 8
A mixture of 8.97 g (84 mmol) of o-xylene and 0.043 g (0.17 mmol) of iodine was placed on 
an ice bath and protected from light. To the mixture 8.7 ml (170 mmol) of bromine was added 
dropwise with stirring. After the addition the reaction mixture was stirred for 20 h at rt and 
subsequently dissolved in 70 ml of diethyl ether and washed with aqueous 2M NaOH ( 2 * 10 
ml) and H2O ( 2 * 10 ml). The solvent was evaporated and the resulting solid was 
recrystallized from methanol. The title compound was obtained in a yield of 9.50 g (36 mmol, 
43%) as white crystals. 1H NMR (200 MHz, CDCfe): 5 7.41 (s, 2H), 2.23 (s, 6 H); 13C NMR (75 
MHz, CDCl3): 5 137.6, 134.2, 121.1, 19.1.
4,5-Dimethylphthalonitrile 9
A solution of 301 mg (1.14 mmol) of 8 in 2.3 ml of dimethylacetamine (DMAC) was heated to 
110 C  under an argon stream before 21.3 mg (0.023 mmol) of Pd2(dibenzylideneacetone)3,
19.6 mg (0.035 mmol) of 1,1'-Bis(diphenylphosphino)ferrocene, and 132.8 mg (1.13 mmol) of 
Zn(CN)2 were added. After refluxing the reaction mixture for 2 h and after cooling, it was 
poured into 20 ml of aqueous 25% NH4OH (v/v) and extracted with diethyl ether (3 * 20 ml). 
The organic layer was washed with H2O (3 * 20 ml) and dried with MgSO4. After filtration the
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yellow filtrate was evaporated to dryness and the yellow solid was subjected to column 
chromatography on silica gel (eluent: CH2Cl2) to afford the product as a light yellow solid; 
yield 107 mg (0.68 mmol, 60 %). 1H NMR (200 MHz, CDCfe): 5 7.56 (s, 2H), 2.38 (s, 6 H); 13C 
NMR (75 MHz, CDCl3): 5 143.4, 134.3, 115.6, 113.1, 20.0; IR: 2228 cm’1 (CN).
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Inspired by Nature and driven by the ever reducing size of structural elements in electronic 
devices, the bottom-up design of electronics using supramolecular chemistry has been 
receiving increased attention. The development of new surface probing techniques such as 
atomic force microscopy (AFM) and scanning tunneling microscopy (STM) has made it 
possible to study the relation between structure and function, allowing for the improved 
design of functional supramolecular systems. This thesis describes the construction of so- 
called supramolecular command layers, for instance for the alignment of liquid crystals, by 
the controlled self-assembly of chromophore-containing molecules on surfaces. 
Chromophores with large n-conjugated surfaces are important building blocks in 
supramolecular chemistry because of their tendency to aggregate into extended arrays, and 
because of the unique photophysical and (opto)electronic properties of these aggregates. In 
some cases, the inherent structural properties of the chromophores are already sufficient to 
obtain well-defined supramolecular architectures. In other cases, aggregate formation is 
controlled and induced by the introduction of functional groups in the chromophores. Finally, 
it is also possible to use coadsorbates to control aggregate formation.
In previous research, porphyrin trimers based on a trisamidobenzene building block were 
found to exhibit remarkable self-assembly behavior, both in solution and at a liquid-solid 
interface. With the aim to construct multiporphyrin arrays in which the porphyrin building 
blocks interacted more strongly, which would hopefully improve the reproducibility of the 
pattern formation, two new porphyrin trimers, one chiral the other achiral, with sterically less 
bulky meso-substituents were synthesized. Their self-assembly behavior in solution and at a 
surface was studied in detail. A significant decrease in critical aggregation concentration in 
toluene and chloroform of the new porphyrin trimers indeed indicated the presence of 
stronger intermolecular interactions when compared to those of the previously reported 
trimers. The aggregation studies revealed a clear solvent-dependent behavior. At micromolar 
concentrations in chloroform, the trimers were molecularly dissolved, while in n-heptane they 
assembled into supramolecular polymers. In toluene these two states were in equilibrium 
with each other, which allowed the investigation of the formation mechanism of the 
aggregates. The aggregate formation could be described using a nucleation-growth model. 
This model describes the formation of the aggregates in two stages. In the first stage a 
nucleus is formed, consisting of up to 25 trimers, which is in a fast equilibrium with the 
molecularly dissolved trimers. When this nucleus grows to a critical size (around 25 in this 
case) a growing stage starts where the nucleus elongates into long polymer-like chains. In 
addition, it was also shown that it was possible to control the helicity of the stacks of the 
achiral trimer by the addition of a small amount of chiral trimer. AFM studies showed that at 
the liquid-solid interface the new trimers were capable of assembling into very regular linear 
line patterns when a chloroform solution was dropcasted on a freshly cleaved mica surface. 
These line patterns were build up from single molecule stacks and the distance between the 
lines was several hundreds of nanometers and very consistent within one domain. The 
formation is the result of a delicate balance between dewetting phenomena and the 
formation of one-dimensional aggregates of the trimers.
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To obtain self-assembled arrays in which the intermolecular interactions are even stronger, a 
new family of trimers was designed which contained phthalocyanines instead of porphyrins. 
The n-conjugated surface of phthalocyanines is larger than that of porphyrins, and therefore 
stronger interactions were expected between the trimers. In addition, well-ordered 
phthalocyanine assemblies have been shown to be able to transport electrons and have 
potential applications in photovoltaic devices. Several phthalocyanine trimers, using the 
same trisamidobenzene core as in the case of the porphyrin trimers, were synthesized. 
However, the extended n-surface of these trimers led to strong aggregation of these 
compounds, which made their purification very difficult. Two relatively pure trimers could be 
obtained after functionalizing them with either tert-butyl or n-decyl substituents. Already at 
very low concentrations in chloroform solution, both trimers formed H-aggregates. When 
chloroform solutions of these trimers were dropcasted onto mica surfaces, AFM studies 
showed the formation of globular and linear aggregates, but presumably due to the strong 
intermolecular interactions, reorganization of the molecules at the liquid-solid interface was 
limited and no well-defined architectures of macroscopic size were formed.
Due to the problems involved with purifying the phthalocyanine trimers, an alternative route 
to obtain well-defined phthalocyanine arrays was investigated. Previous research had shown 
that chromophores can be organized into micrometer long arrays by incorporating them into 
the side-chains of polyisocyanopeptides. The rigidity of the polyisocyanopeptides, combined 
with their helical conformation, ensures the formation of well-defined stacks of the 
chromophore side-chains. For the synthesis of these polymers, amino-functionalized 
phthalocyanines were converted into isocyanides containing an amino acid spacer, and 
these isocyanides were subsequently polymerized with the help of a nickel catalyst. UV-vis, 
fluorescence, infrared and AFM studies provided strong evidence for the formation of the 
polymers, but problems with their purification hampered studies of their photophysical 
properties.
In order to obtain long-range control over the formation of self-assembled arrays of functional 
molecules on surfaces it is also possible to first pre-modify these surfaces by patterning. To 
evaluate this strategy, indium tin oxide-covered glass substrates were modified with well- 
defined patterns of alkyl- and pyridyl-functionalized silanes using microcontact printing. 
Subsequently, the self-assembly of the previously described porphyrin trimers on top of 
these modified surfaces was studied. The surfaces modified with patterns of alkyl- 
functionalized silanes directed the self-assembly to some extent, but no long range order 
was observed. The surfaces patterned with patterns of pyridyl-functionalized silanes, on the 
other hand, induced the growth of micrometer long fibers of zinc-functionalized porphyrin 
trimers from the surface.
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Doordat onderzoek naar het ontwikkelen van transistors en andere elementen van moderne 
elektronica meer en meer richting de grootte van enkele moleculen gaat, krijgt het ‘bottom- 
up’ design van deze elementen steeds meer aandacht. Supramoleculaire chemie, waarbij 
net als in de natuur niet-covalente interacties worden toegepast om gedefinieerde complexe 
systemen te creëren, speelt hierbij een belangrijke rol. Door de ontwikkeling van nieuwe 
technieken zoals atomic force microscopy (AFM) en scanning tunneling microscopy (STM) is 
het mogelijk geworden het verband tussen de structuur en de functie van moleculen in detail 
te bestuderen. Als gevolg hiervan kunnen supramoleculaire structuren in zeer hoog detail in 
beeld gebracht worden, waardoor hun vorming beter te begrijpen is en op basis daarvan 
nieuwe structuren ontworpen kunnen worden. Dit proefschrift beschrijft de ontwikkeling van 
zogenaamde moleculaire controlelagen op basis van zelfassemblerende chromoforen op 
een oppervlak, die het mogelijk maken functionele moleculen zoals vloeibare kristallen 
ordelijk te schikken. Zelfassemblerende chromoforen zijn interessante bouwstenen voor 
supramoleculaire chemie, omdat ze zeer grote aggregaten kunnen vormen via gunstige 
intermoleculaire p-p interacties. Deze aggregaten kunnen unieke fotofysische en 
(optisch)elektronische eigenschappen hebben. Er zijn voorbeelden waarbij de structuur van 
de chromofoor zelf al kan leiden tot de vorming van interessante aggregaten. In andere 
gevallen kan aggregatie gestimuleerd worden door chromoforen te synthetiseren met 
substituenten die supramoleculaire interacties kunnen aangaan. Ten slotte is het ook 
mogelijk door de toevoeging van additieven de aggregatie te sturen.
Porfyrinetrimeren op basis van trisamidobenzeen hebben in eerder onderzoek zeer 
interessant aggregratiegedrag laten zien in oplossing en op het grensvlak tussen een 
vloeistof en een oppervlak. Om dit aggregatiegedrag verder te onderzoeken en om de 
reproduceerbaarheid van de gevormde structuren te verbeteren, werden twee nieuwe 
porfyrinetrimeren ontworpen en gesynthetiseerd. De grootte van de zijketens van de 
porfyrines werd gereduceerd, waardoor mogelijk sterkere p-p interacties tussen de 
porfyrines ontstaan bij de vorming van de aggregaten. Dit idee werd bevestigd door de 
waarneming dat deze nieuwe trimeren zelfassemblagegedrag vertoonden bij lagere 
concentraties dan de porfyrinetrimeren die eerder onderzocht waren. Dit assemblagegedrag 
bleek sterk afhankelijk te zijn van het oplosmiddel dat gebruikt werd. Tot millimolair 
concentraties waren in chloroform geen interacties tussen de trimeren zichtbaar, terwijl bij 
dezelfde concentratie in n-heptaan de intermoleculaire interacties zo sterk waren dat de 
aggregaten van de trimeren zich als polymeerketens gedroegen. In tolueen, tenslotte, waren 
de opgeloste trimeren in evenwicht met de trimeren in de aggregaten. Dit evenwicht maakte 
het mogelijk het mechanisme van de aggregaatvorming in detail te bestuderen. Er bleek dat 
eerst een kern van een aantal trimeren gevormd wordt, en wanneer deze kern een bepaalde 
kritische grootte bereikt, groeit deze uit tot een lange polymeerachtige keten. Ook was het 
mogelijk de heliciteit van de aggregaten te beïnvloeden. Door een chirale trimeer in een 
achirale stack in te bouwen was het mogelijk om de heliciteit van de aggregaten te sturen. 
Verder onderzoek naar het aggregatiegedrag van deze trimeren toonde aan dat een zeer 
regelmatig lijnpatroon ontstaat als een druppel van de trimeren opgelost in chloroform wordt 
ingedroogd op een mica-oppervlak. Het lijnpatroon was opgebouwd uit enkelvoudige stacks 
van porfyrinetrimeren die binnen een domain een zeer regelmatige afstand ten opzichte van 
elkaar hadden van enkele honderden nanometers. De formatie van dit lijnpatroon komt voort
181
Samenvatting
uit een fragiele balans tussen opdrogings-fenomenen en het aggregatiegedrag van de 
trimeren.
De volgende stap in het onderzoek was het nog sterker maken van de interacties tussen de 
trimeren. Om dat te bereiken werden de porfyrines in het trimeer vervangen door 
ftalocyanines. Ftalocyanines hebben een groter geconjugeerd oppervlak, wat de p-p 
interacties tussen de moleculen sterker maakt. Daarnaast kunnen ftalocyanines elektronen 
transporteren als ze in zeer regelmatige rijen gerangschikt zijn, wat in principe de toepassing 
van dit soort moleculen in moleculaire electronica mogelijk maakt. Gebruikmakend van 
dezelfde trisamidobenzeenkern als bij de porfyrinetrimeren, werd een aantal 
ftalocyaninetrimeren gesynthetiseerd. In oplossing aggregeerden deze trimeren echter zo 
sterk dat het heel moeilijk was ze goed te zuiveren. Verscheidene scheidingsmethoden 
werden geprobeerd en twee van de trimeren konden in een redelijke zuiverheid geïsoleerd 
worden. Al bij zeer lage concentraties waren beide trimeren in oplossing als H-aggregaten 
aanwezig. Na indrogen van een chloroform-oplossing van de moleculen op een mica 
oppervlak werden lineaire en bolvormige aggregaten aangetroffen met AFM. In tegenstelling 
tot bij vergelijkbare experimenten met de porfyrinetrimeren werden geen regelmatige 
lijnpatronen gevonden. Door de sterke interacties tussen de trimeren waren de aggregaten 
waarschijnlijk al dusdanig groot en inert dat reorganisatie tijdens het indrogen niet meer 
mogelijk was.
Omdat de zuivering van de ftalocyaninetrimeren zo problematisch was, werd een 
alternatieve route ontwikkeld om ftalocyanines te organiseren in lange, geordende rijen. 
Eerder onderzoek had aangetoond dat het mogelijk is chromoforen in lange rijen te 
organiseren door ze in de zijketens van polyisocyanopeptides in te bouwen. Deze polymeren 
zijn zeer star en hebben de vorm van een helix, waardoor de chromoforen in de zijketens 
zeer regelmatig geordend zijn. Om zulke polymeren te maken werden ftalocyanines, die 
gefunctionaliseerd waren met een aminozuur, omgezet in isocyanides, welke werden 
gepolymeriseerd met een nikkel-katalysator. Een combinatie van spectroscopische 
technieken en AFM gaven aan dat er waarschijnlijk polymeren gevormd waren, maar ook in 
dit geval bleek de zuivering van deze macromoleculen zeer problematisch. Dit maakte 
verdere studie van hun fotofysische eigenschappen nagenoeg onmogelijk.
Het is ook mogelijk een controlelaag op een oppervlak te maken door vooraf een regelmatig 
patroon op het oppervlak te creëren en dat vervolgens te gebruiken voor het sturen van de 
organisatie van functionele moleculen. Deze aanpak werd onderzocht door een glasplaat, 
die met indium tinoxide bedekt was, te bedrukken met alkyl- en pyridyl-gefunctionaliseerde 
siloxanen met behulp van micro-contact printen. Na dit bedrukkingsproces werd de zelf- 
assemblage van de porfyrinetrimeren op deze oppervlakken bestudeerd. Een oppervlak met 
een patroon van alkylsiloxanen was slechts gedeeltelijk in staat de zelf-assemblage te 
sturen. Het gebruik van de oppervlakken met de pyridylsiloxanen leidde daarentegen tot de 
groei van micrometer lange vezels van zinkporfyrinetrimer vanaf het oppervlak.
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Daar ligt dan eindelijk het boekje en is er nog maar een deel te schrijven, het dankwoord. Na 
zo’n 6 jaren wordt het meest gelezen stukje dan eindelijk ook geschreven. Het duurt even, 
maar dan heb je ook wat. Zonder diepgaande gespreken, onzinnig ouwehoeren, 
koffiepauzes, werkbesprekingen (al dan niet in de kroeg) en andere hulp had ik het niet 
gered en daarom wil ik iedereen bedanken die bewust of onbewust mij geholpen heeft bij de 
totstandkoming van dit proefschrift.
Als eerste wil ik mijn promotoren Roeland Nolte en Alan Rowan bedanken. Roeland, bedankt 
voor het vertrouwen om mij een positie in jouw groep te geven. Mede door jou goede advies 
aan het einde is het werk een mooi samenhangend geheel geworden. Ik was eigenwijs 
genoeg om de fthalocyanines aan te pakken, en dat heb ik geweten. Alan, bedankt voor de 
wilde ideeën, niet allemaal even haalbaar, maar altijd inspirerend.
En dan is er natuurlijk nog mijn copromotor Hans Elemans. Hans, ik vond het fijn om met jou 
samen te werken de afgelopen jaren. Ik heb veel geleerd van jouw oog voor detail en 
ervaring en ik ben je zeer dankbaar voor jouw ondersteuning bij de totstandkoming van dit 
boekje.
Ook wil ik de manuscriptcommissie (Paul Kouwer, Theo Rasing en Rene van Nostrum) 
hartelijk danken voor het kritisch beoordelen van het proefschrift en het geven van nuttige 
suggesties.
In het lab heb ik ook van verscheidene mensen de nodige ondersteuning gekregen. Als 
eerste waren Richard en zijn studenten, die al veel ervaring opgedaan hadden in soortgelijk 
onderzoek, altijd bereid mij te helpen in de beginperiode. Prof. Bart-Jan Ravoo en Tobias 
Kaufman (Universiteit Muenster) hielpen mij met het onder de knie krijgen van m-contact 
printing en Johan Hoogboom had kans gezien in zijn vakantieperiode mij te laten zien hoe je 
de pyridine-gefunctionaliseerde siloxanen het beste kon isoleren. Ook heb ik met veel plezier 
nog een drietal bachelorstudenten (Frank, Roel en Raymond) mogen begeleiden, wier werk 
ook gedeeltelijk in dit proefschrift beschreven is.
Al het werk in het lab is natuurlijk niet mogelijk zonder de administratieve ondersteuning van 
Desiree, Paula en Peter van Dijk en de ondersteuning bij de analyses van Ad, Peter, Helene 
en Paul.
Ook wil ik collega’s van de Nolte-groep bedanken. In willekeurige volgorde: Marco, Cyrille, 
Mark, Linda, Inge, Guillaume, Heather, Andres, Paul, Paul, Pili, Matthieu, Stephane, 
Alexander, Friso, Joost, Stijn, Matthijs, Irene, Nikos, Mauri Erik en Marta, en iedereen die ik 
nog vergeten ben en de vele studenten die het werk in het lab aangenamer gemaakt 
hebben. En natuurlijk de heren van Encapson voor het onveilig maken van het lab de eerste 
jaren. In de andere vleugel waren daar dan ook nog de collega’s van de Rowan-groep, 
Suzanne Bram, Onno, Jan, Michal, Carmen, Femke, Rosalyn, Roy, Victor en Arend.
Naast alle inspanning is er natuurlijk ook aan ontspanning nodig en de beste manier om mijn 
hoofd leeg te krijgen de afgelopen jaren waren de trainingen op dinsdag en donderdag 
avond. Yvonne hartelijk bedankt voor deze mooie momenten en natuurlijk ook de heren en 
dames van Obelix voor de mooie momenten op het veld en in de kroeg. En vooral Junior, 
Bosje, Sebas en Ben bedankt voor de mooie avonden in Duitsland/België/de Deut. De 
oktobertrip naar Duitsland kan wat mij betreft een mooie traditie worden.
Renee en Minx, bedankt voor de mooie jaren samen.
Daarnaast was het ook altijd mooi op stap te zijn met de heren van het huukske. Krul, Reno, 
de Geus, de D, Jos, Flo, Q, bartverh en Magic, bedankt voor de mooie avonden.
Verder wil ik ook Henar en Ozan, Maria, Jelena en especially Andrea (thanks for bringing 
some color into my life) bedanken voor de mooie momenten.
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I am also very happy with the new friends and colleagues I have met after starting my job in 
Germany. Juergen, Juergen, Joerg, Barbara, Claudia, Tevfik, Werner und Norbert vielen 
Dank fuer die angenaehme Arbeitsumgebung, es freut mich sehr mit euch 
zusammenzuarbeiten. Und Juergen vielen Dank dass du mir die Moeglichkeit gegeben hast 
in deine Grupe zu arbeiten.
Working in the evenings and weekends is usually not very nice, so it was good to able to 
forget about it every now and then with some great dinners and other parties. Jordan, Lisa 
and Guillaume, Juan-Carlos, Ula, Maria, Georg and Paloma, Diana, Sebastian, Cynthia and 
Bjoern and many others, thank you very much.
Ook wil ik mijn familie bedanken. Harm, Marjolein, Tobias en Max, ik vind het altijd erg 
gezellig om jullie te zien. Het is een genot om de jongens groot te zien worden. En natuurlijk 
wil ik ook mijn lieve ouders bedanken. Vaders, je bent altijd bereid te helpen en het goede te 
doen en daar heb ik veel inspiratie uit gehaald en moeders bedankt voor de gesprekken van 
de afgelopen jaren. Ook al ben ik het niet altijd met jou eens, je weet de dingen altijd in 
perspectief te plaatsen en dat heeft me enorm geholpen.
En dan blijven uiteindelijk alleen nog mijn paranimfen over. Koen, je was als enige dapper 
genoeg om een jaar lang je tanden stuk te bijten op de fthalocyanine polyisocyanides. Het 
was prettig om samen met jou het onderzoek in deze richting op te zetten. Het was niet altijd 
makkelijk en ik heb mijn best gedaan jou ook de minder prettige kanten van een promotie te 
laten zien, maar dat was blijkbaar toch niet genoeg, gezien het feit dat je nou zelf ook aan 
het promoveren bent in Eindhoven. Veel succes hiermee en hopelijk kan ik jou over een jaar 
of 3 de doctorstitel in ontvangst zien nemen.
And I am saving the best for last. Alex, thank you for all the nice talks and coffee breaks we 
had over the last two years. I am pretty sure this thesis would not have been there without 
your support. Thank you for caring.
184
Publications
Publications
Phthalocyanine functionalized polyisocyanides
K. H. Hendriks, N. Veling, J. A. A. W. Elemans, A. E. Rowan, R. J. M. Nolte, manuscript in 
preparation.
Solvent dependent aggregation of porphyrin trimers
N. Veling, J. A. A. W. Elemans, A. E. Rowan, R. J. M. Nolte, manuscript in preparation.
N. Veling, J. A. A. W. Elemans, A. E. Rowan, R. J. M. Nolte, New handbook of porphyrins, 
Ordered Surface Structures of Self-Assembled Porphyrins, accepted.
Self-assembly of porphyrin trimers in solution and at the liquid-solid interface
N. Veling, R. van Hameren, J. A. A. W. Elemans, A. E. Rowan, R. J. M. Nolte, PMSE, 2009,
100, 557-558.
Squaring cooperative binding circles
A. B. C. Deutman, C. Monnereau, M. Moalin, R. G. E. Coumans, N. Veling, M. Coenen, J. M. 
M. Smits, R. de Gelder, J. A. A. W. Elemans, G. Ercolani, R. J. M. Nolte, A. E. Rowan, Proc. 
Natl. Acad. Sci. U. S. A. 2009, 106, 10471-10476.
Construction of supramolecular multi-component assemblies by using allosteric interactions 
N. Veling, P. J. Thomassen, P. Thordarson, J. A. A. W. Elemans, R. J. M. Nolte, A. E.
Rowan, Tetrahedron 2008, 64, 8535-8542.
Allosterically driven multicomponent assembly as a tool to construct supramolecular 
polymers
P. J. Thomassen, N. Veling, J. A. A. W. Elemans, R. J. M. Nolte, A. E. Rowan, PMSE, 2006, 
95, 517-518.
185
186
Cover Art
Cover Art
Front cover, Chemical Society Reviews 2010 volume 39 issue 5:
187
Cover Art
Inside cover, Chemistry a European Journal 2010 volume 16 issue 21:
CHEMISTRY
A EUROPEAN JOURNAL
D O I : 10.1002/chem.200903502
Cysteine-Containing Polyisocyanides as Versatile Nanoplatforms for 
Chromophoric and Bioscaffolding
Stephane Le Gac,*[a,b] Erik Schwartz,131 Matthieu Koepf,|al 
Jeroen J. L. M. Cornelissen,'3’c] Alan E. Rowan,*laJ and Roeland J. M. NoIte*|a|
6176 in te rS c ie n ce ' © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010,16, 6176-6186
188
Curriculum Vitae
Curriculum Vitae
Nico Veling werd geboren op 13 juni 1981 in Nijmegen. Na het behalen van zijn Gymnasium 
diploma in 1999 aan het Cobbenhagen College te Tilburg begon hij aan de studie 
Scheikunde aan de Katholieke Universiteit Nijmegen, de huidige Radboud Universiteit 
Nijmegen. Hij voerde daar twee hoofdvakstages uit in de richting Anorganische Chemie in de 
groep van prof. dr. Ton Gal en in de richting Supramoleculaire en Fysisch-organische 
Chemie in de groep van prof. dr. Roeland Nolte. Na de afronding van zijn studie in 2005 
(cum laude) begon hij aan het promotieonderzoek dat is beschreven in dit proefschrift onder 
leiding van prof. dr. Roeland Nolte en prof. dr. Alan Rowan. Sinds oktober 2010 is hij 
werkzaam als onderzoeker bij BASF SE te Ludwigshafen am Rhein (Duitsland).
189

